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ABSTRACT
INVESTIGATING ANIONS AND HYDROPHOBICITY OF DEEP EUTECTIC
SOLVENTS BY EXPERIMENT AND COMPUTATIONAL SIMULATION

AMOS KWABENA DWAMENA
2019

Deep eutectic solvents are a new generation of ionic liquid-like solvents formed by
combining hydrogen bond acceptor with hydrogen bond donor which result in the
depression of the melting point of the solvent. Like ionic liquids, anions play a critical role
in tuning the polarity, physicochemical properties, and thermodynamic behavior of deep
eutectic solvent (DES). Choline chloride is the most widely used quaternary ammonium
salt (QAS) in the literature and has remarkable advantages from reduced cost to low
toxicity and volatility. Choline bromide and choline iodide are other QAS that have not
been used often for DES synthesis and applications, probably with the opinion that
chlorides form stronger hydrogen bonds. Developing new DES from these anions will
broaden the scope of green solvents selection for diverse applications.

The first objective of this dissertation looked into the synthesis and characterization
of DES from choline chloride, choline bromide, and choline iodide with malic acid,
malonic acid, and urea. Also, we studied the thermodynamic behavior of the solvents by
measuring their vapor pressure, density, and infinite activity coefficient in polar and

xxi

nonpolar solvents. The results show that choline bromide can sometimes be used to replace
choline chloride because both QAS share comparable physicochemical behavior. In most
cases, choline iodide forms weaker hydrogen bonding with the donors leading to the
formation of a solid at room temperature. Nevertheless, all the solvents have melting
temperature below 100℃. In summary, DES can be synthesized from the choline cation
bonded with the halides, with the melting point and nature of the solvent dependent on the
hydrogen bond donor (HBD).

Secondly, despite the rapid rise in publications and applications since their
inception in 2001, most of the DES synthesized are generally hydrophilic. The low cost,
low toxicity, and bioavailability of DES make the solvent green and sustainable for diverse
applications. Conversely, the hydrophilicity of DES practically limits their application to
only polar compounds, which is a major drawback of the solvent. For the past three years,
hydrophobic deep eutectic solvents (HDES) have emerged as alternative extractive media
capable of extracting nonpolar molecules from aqueous environments. In chapter three of
this dissertation, the general objective was to design a cost-effective hydrophobic DES
from choline chloride and fatty acids. Varying the alkyl chain of the fatty acid broadened
our understanding about the role of HBD in DES and also helped in the tunability of the
HDES polarity. Due to the infancy of HDES, for the first time, this dissertation expands
on the design, synthesis, and physicochemical characterization of HDES developed from
choline chloride and fatty acids. To understand the hydrogen-bonding pattern of HDES, a
multivariate unsupervised principal component analysis was used to cluster HDES by using
known DES as a control. The HDES was able to extract about 70% of piperine, a bioactive
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compound from Piper nigrum. In the future, it is believed that HDES could replace the
majority of toxic organic solvents used for analytical purposes.
Lastly, the electronic and molecular properties of the HDES synthesized were
studied by using a solvatochromic molecular probes and a hybrid density functional theory
at 6-31G (d) basis set. The empirical polarity assay and quantum theoretical calculations
showed that decreasing the alkyl chain length of the hydrogen bond donor increases
viscosity of the DES. Optimization of the DES molecular geometry indicates a reduced
bond angle between the C15-O16-H17 atoms in choline chloride, signifying a change in
electronegativity of the central atom (O16) during DES formation. From our results, we
predict a possible molecular reorientation between the donor and the acceptor molecules
during DES formation. The combined theoretical calculations and experimental
approaches are useful to establish clear correlations between electronic parameters and
physiochemical parameters like polarity, viscosity, and stability of carboxylic acid-DES
and can be extended to other conventional solvents.

1

CHAPTER ONE
INTRODUCTION
1.1. Background
Solvents are substances, mostly a liquid, in which other materials dissolve to form
a solution. Solvents are integral part of everyday activities and can serve in an array of
applications including media for chemical synthesis, pharmaceuticals, agrochemicals,
paints, inks, coatings, extraction, and industrial cleaning. About three decades ago, most of
these applications employed the use of organic solvents. For example, during the first four
decades of the 20th century, benzene was used as a hand-cleanser and also as an aftershave
until its carcinogenic properties were brought to light 1-2. The lack of precaution and
increased exposure to benzene was in part due to inadequate data on benzene toxicity and
its cheaper price compared to other alternatives1. Organic solvents, also known as carbonbonded solvents3, are typically volatile compounds which often vaporize even at room
temperature. These volatile organic compounds (VOCs) have numerous environmental and
health concerns. The increasing demand for solvents has been forecasted to reach about 9.6
billion pounds by 2020 in the United States (Coatings World, last accessed 4-19-19). This
growth is driven by a strict US Environmental Protection Agency (EPA) regulations to
shift solvents toward a more eco-friendly and biodegradable alternatives with reduced
emissions and toxicity.
The concept of green chemistry emerged during the early works by Trost and
Sheldon about economical use of mass (atom economy4 and synthesis efficiency5) and Efactor6, respectively. The field of green chemistry revamped after the 12 principles by
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Warner and Anastas were stipulated in 19987. Since then, a number of industries and
pharmaceutical companies like Pfizer have laid down a restrictive guideline to help in the
selection of solvents and reagents. According to the Pfizer solvent selection guide for
medicinal chemistry (Table 1.1)2, if one is to choose any solvent, water is preferred rather
than cyclohexane and pentane. Nevertheless, in chemical synthesis and processing,
cyclohexane is usable compared to pentane. Due to the environmental, health, and safety
implications of some organic solvents, the impetus in solvent replacement is growing
globally.
Table 1.1 Pfizer solvent selection table for medicinal chemistry2
Preferred
Water
Acetone
2-Propanol
1-Propanol
Ethyl acetate
Isopropyl acetate
Methyl ethyl ketone

Usable
Cyclohexane
Heptane
Toluene
Methylcyclohexane
Methyl t-butyl ether
Isooctane
Acetonitrile

Undesirable
Pentane
Hexane(s)
Diethyl ether
Dichloromethane (DCM)
Chloroform
Dimethyl formamide
N-Mehtylpyrrolidonone

Table 1.2 Pfizer solvent replacement table
Solvent
Concerns/Issues
Pentane
Lower flash point than other similar solvents
Diethyl ether
Lower flash point than other similar solvents
Diisopropyl ether
Powerful peroxide formation agent
Hexane(s)
More toxic than other similar solvents
Benzene
Carcinogen
Chloroform
Carcinogen

Alternatives
Heptane
2-MeTHF, TBME
2-MeTHF, TBME
Heptane
Toluene
DCM

According to the Pfizer solvent replaceable table (Table 1.2)2, 8, it is preferable to use
dichloromethane (DCM) instead of chloroform or carbon tetrachloride when a process or
a reaction requires a chlorinated solvent. Solvent substitution with similar structural
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alternatives may present many of the same health, environmental, and safety concerns of
the primary solvent (i.e., the solvent to be substituted)8. With reference to the above
example, DCM is regarded as a greener solvent compared to chloroform or carbon
tetrachloride. On the contrary, DCM has high vapor pressure and is an occupational health
threat9. Also, solvent replacement should be done without compromising the compatibility
and process functionality of the primary solvent. Due to the increasing regulatory measures
and continues amendments of the EPA regulations, especially concerning VOCs, the
exponential rise in market demand for green solvents in the 21 st century is not shocking.
A common question that often surfaces is “how green is a green solvent?” A green
solvent should encompass the environmental and health safety (EHS), life cycle analysis
(LCA), energy demand, and toxicity of the solvent in question 8. A detailed assessment of
solvents for these parameters is invaluable in the call for environmental sustainability. The
concept of green chemistry and green solvents is actively under research in the quest to
design and develop new solvents to replace conventional organic solvents. Ionic liquids
and deep eutectic solvents are among the new generation of solvents under study due to
their tunability and lower volatility.

1.2. Green solvents
1.2.1. Green solvents emergence: Ionic liquids and deep eutectic solvents
Ionic liquids (ILs) are salts with melting temperature lower than the boiling point
of water (< 100 ℃)10. ILs are completely ionic consisting of organic cations and organic
or inorganic polyatomic anions10-11. The first report of ionic liquids date back in 1914
during the preparation of ethylammonium nitrate from a concentrated nitric acid and
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ethylamine followed by water removal by distillation10. The resulting pure salt remained
liquid at room temperature. Most importantly, the formation of the desired cation and the
anion exchange process are key steps to ILs formation. In 1948, Hurley and Weir found
that an anion exchange reaction between Lewis acid (AlCl 3, 67% by mole) dissolved in
fused ethyl pyridinium bromide forms a very low melting eutectic with a melting point at
-40 ℃12-13. The addition of Lewis acid to a halide salt is by far one of the most simple
methods of synthesizing ionic liquids10.

1.2.2. Synthesis of ILs
The first step in the synthesis of ILs is the quaternization of a pyridine, sulfide, imidazole,
phosphine, or amine by using an alkylating agent (choice depends on the desired anion
required in the ILs) to form the cation14. From Figure 1.1, quaternization of NR3 with
alkylating agent (+R’X) leads to the formation of ILs ([R’R3N]+X- ). Anion exchange
reactions can occur by using a Lewis acid (MXy) to form [R’R3N]+[MXy+1]- (Equation 1.1)
as seen in the synthesis of ethylammonium nitrate. A reaction between [R’R3N]+ Cl- and
AlCl3 (Lewis acid) by a series of equilibria is shown (Equations 1.2-1.4). The availability
of excess Lewis acid in ILs synthesis can lead to the formation of unwanted by-products,
hence, ensuring purity at each reaction step is critical. From Figure 1.1 step 2b, the addition
of a metal salt M+[A]- or a strong acid H+[A]- can displace or exchange the anion in the
initial step. This displacement process is called anion metathesis. A notable example of
anion metathesis is the formation of water-insoluble ILs, [EMIM][PF6], from [EMIM]Cl
and HPF6 in aqueous solution14.
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Figure 1.1. Schematic pathway for preparation of ammonium salt-based ionic liquids14.

[R’R3N]+ X- + MXy

[R’R3N]+ [MXy+1]-

(Equation 1.1)

[R’R3N]+ Cl- + AlCl3

[R’R3N]+ AlCl4-

(Equation 1.2)

[R’R3N]+ AlCl4- + AlCl3

[R’R3N]+ Al2Cl7-

(Equation 1.3)

[R’R3N]+ Al2Cl7- + AlCl3

[R’R3N]+ Al3Cl10-

(Equation 1.4)

The precipitate, M+X-, is an impurity which needs to be cleaned before applying
the solvent especially for pharmaceutical or clinical purposes. The thriving interest in ionic
liquids stem from its nonvolatile nature with several advantages making them suitable
candidates to replace VOCs15-18. Compared to conventional organic solvents, ionic liquids
are still expensive. The synthesis coupled with extensive cleaning or purification steps,
make ionic liquids expensive for industrial applications. Several recycling procedures have
been outlined in literature including using supercritical CO 219, palladium coupling20, and
membrane techniques look promising10. The density, viscosity, solvation, solubility,
density, melting, and other physicochemical properties of ILs have been comprehensively
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reviewed14. Ionic liquids in biomedical and pharmaceutical applications 21-22, protein
analysis23, water treatment24, textiles25, biomass26, and metal dissolution and extraction27
has been reviewed recently. The ability to tune ILs to suit a particular process condition
and functionality is one of the many driving forces for the continued research into these
room-temperature solvents. For instance, changing the anion on imidazolium cation
([EMIM]) ILs influences the melting point of the liquid. [EMIM]Cl has a mp of 87 ℃ 14,
, [EMIM]NO2 has mp of 55 ℃14, 29, [EMIM]NO3 has mp of 38 ℃14, 29, [EMIM]AlCl4 has
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mp of 7 ℃30, [EMIM]BF4 has Tg of 6 ℃31, [EMIM]CF3SO3 has mp of -9 ℃14, 32, and
[EMIM]CF3CO2 has mp of -14 ℃14, 32. Changing the anion size of the imidazolium ILs
decreases or increases the mp of the resulting liquid. A hydrophobic ILs from 1,3-dialkyl
imidazolium cations and hydrophobic anions have been reported 32. ILs can be tailored by
modifying the cations or anions depending on the required application of the solvent.

1.2.3. Emergence of DES
Concerning the issues of cost and impurities, especially water, associated with ILs,
a new generation of ILs called deep eutectic solvents (DES) has surfaced a little over a
decade ago. As an extension of ILs, DES share similar characteristics like ILs and are
formed from eutectic mixture of Brønsted or Lewis acids and bases 33. The formation of
DES depends on the magnitude of interaction that happen between the individual
components involved34. Fig. 1.2 depicts a binary interaction between component A and
component B to form a binary mixture A + B. Unlike theoretical ideal mixtures, this
interaction results in a larger value of ΔTf34. The eutectic point is reached when the correct
molar fraction (ratio) of component A interacts with component B. At this point, a melting
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point depression is observed as shown in the phase diagram. Typically, deep eutectic
solvents are classified into 4 categories (Table 1.3) with type III as a focus of attention in
most research. The Cat+ in DES is usually quaternary ammonium, phosphonium, or
sometimes sulfonium salt34. The X– is the anionic moiety often involved in hydrogen
bonding with protons from the donor RZ group. Choline chloride is the most used QAS for
DES synthesis due to its low cost, availability, biocompatibility, and low toxicity.

Figure 1.2. A eutectic point of two-component phase diagram.
Table 1.3. General Formula for DES classification34.
Type
type I

General formula

Terms
M = Zn, Sn, Al, Ga, In

+

-

+

-

M = Cr, Co, Cu, Ni, Fe

+

-

Cat X zMClx

type II

Cat X zMClx .yH2O

type III

Cat X zRZ

Z = CONH2, COOH, OH

type IV

+
MClx + RZ = MClx-1 .RZ + MClx+1

M = Al, Zn and Z = CONH2, OH
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The chloride anion is readily available to interact with diverse proton donors
through hydrogen bonding. Abbott and co-workers found that choline chloride (mp = 302
℃) and urea (mp = 133 ℃) interact to form a liquid at room temperature with a freezing
point of 12 ℃ at 1:2 molar ratio34. DES is synthesized by combining a hydrogen-bond
acceptor (HBA) and a hydrogen-bond donor (HBD)35-37. DES physicochemical properties
like conductivity, viscosity, polarity, and thermal properties can easily tuned by varying
the molar ratios of the constituent materials. Most of the synthesized DES reviewed34, 3839

are hydrophilic. The type III DES are categorized into low-transition-temperature

mixtures (LTTMs), natural deep eutectic solvents (NADES), carboxylic acid-based deep
eutectic solvents35, 40-41, and therapeutic deep eutectic solvents (THEDES) 42-43.
Since most DES are synthesized by combining naturally occurring proton donors
like fatty acids, urea, glucose, or glycerol with acceptor molecules like choline chloride.
The combined mixture is environmentally benign, safe, and sustainable34-36, 39, 44-46. The
advantages of using DES for extraction goes beyond its simple preparation procedures,
greener nature, and easy tunability

40, 46-47

but also is bioavailable and low toxicity. DES

chemical and physical properties are flexible to adjust by simply changing the molar ratio
of the constituents.

1.3. Scope of research
1.3.1. Problem Statement
Scientists continue to search for greener solvents capable of replacing conventional
toxic VOCs in their daily activities15,

48-50

. The challenge emanates when it becomes

difficult to acquire a more sustainable greener alternative to toxic chemicals with desired
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chemical and physical properties48. In most cases, ensuring the availability of greener
solvents tunable to replace nongreen solvents is problematic for most scientists51. Despite
the numerous publications about DES since its first inception in 2001 33-34, most research
work has concentrated mainly on hydrophilic DES which limits the solvents utilization to
polar environments34, 52. In an application that requires hydrophobic media, the common
truth is that most scientists still resort to toxic organic chemicals due to the scarcity of
greener hydrophobic alternatives. This is a major drawback to the call for environmental
sustainability. The availability of greener solvents in all of the four solvent categories (high
basicity-low polarity, low basicity-low polarity, high basicity-high polarity, and low
basicity-high polarity) is pivotal to ensuring sustainability51. A hydrophobic ILs involving
[NTf2] anion, ([Bmim][NTf2]), was reported to be more efficient in the enzymatic synthesis
of biodiesel compared to the hydrophilic [PF6] and [BF4] anionic counterparts53. A review
of the application of hydrophobic ILs in biodiesel synthesis is available 54. To date, nearly
all deep eutectic solvents are hydrophilic and are limited in applications that require high
basicity and low water content. In Figure 1.3., a Web of Science search of the phrase "deep
eutectic solvents" shows an increasing number of publications since 2004. Out of the 1860
hits, over 88 % of DES articles are from 2013 to 2018. The skyrocketing numbers have
only been biased to hydrophilic DES rather than their hydrophobic counterparts. Till now,
PubMed, Elsevier, Google Scholar, and Web of Science search for the phrase “
hydrophobic deep eutectic solvent” result in less than forty publications.
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Figure 1.3. Number of publications based on a Web of Science search for the phrase “deep
eutectic solvent”. Date accessed: 2/10/18.

1.3.2. Objectives of this study
The main objective of this study is to design cost effective and greener solvents
which are capable of replacing volatile organic compounds.
In Chapter 2, we investigate how different anions (Cl -, Br-, and I-) impact the QAS
in forming DES. Specifically, nine different DES were synthesized using choline chloride
([Ch]Cl), choline bromide ([Ch]Br), and choline iodide ([Ch]I) as hydrogen bond acceptor
with malic acid, malonic acid, and urea as hydrogen bond donor. The DES were
characterized to find their chemical composition, viscosity, conductivity, density, melting,
thermal stability, and chemical shifts. These experimental data were coupled with
theoretical quantum calculations using COSMO-RS simulations to estimate the surface
charge density, vapor pressure, and density. In significance, a new DES with diverse

11

physicochemical properties has been developed, which in essence can be applied to
electroplating or for extraction due to their unique properties.
In Chapter 3, we synthesized a hydrophobic deep eutectic solvent (HDES) from
choline chloride and fatty acids (butyric acid, BA; valeric acid, VA; hexanoic acid, HA;
and caprylic acid, CA). Specifically, we evaluated how increasing alkyl chain length affects
the hydrophobicity and hydrogen-bonding potential of the solvent. Also, a multivariate
unsupervised statistical approach called chemometrics was adopted to study the hydrogenbonding capabilities of the newly designed solvent. In a broader scope, the solvent was
applied to extract piperine, a bioactive compound, from black pepper.
In chapter 4, we investigated the electronic and molecular properties of the
synthesized DES by employing solvatochromic molecular probes and density functional
theory. This chapter significantly enhances our understanding on how charge transfer
impacts hydrogen bonding and other thermodynamic properties of the solvent. The
hydrogen bonding acidity, hydrogen bonding basicity, and the polarizability/dipolarity of
the HDES was studied at different temperatures. Also, by fitting the DES into the Snyder’s
selectivity triangle, we showed that the synthesized HDES can be used to replace some of
the conventional volatile organic solvents.

1.3.3. Justification of the study
The concept of hydrophobic DES (HDES) was introduced by van Osch and coworkers55 in 2015 when diverse quaternary ammonium salts (QAS) were combined with
decanoic acid (DecA). The water-immiscible solvent was applied to extract water-insoluble
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volatile organic compounds, which they reported high extraction yield and efficiency55.
Since then, active research has been ongoing to investigate how HDES are synthesized and
their application in diverse fields. The concept of DES in analytical extraction is still in its
infancy56 compared to ionic liquids, nonetheless, the increasing number of yearly
publications make the field very promising. Until now, almost all QAS used for HDES
synthesis are derivatized or have large alkyl groups attached to the cation, hence making it
expensive and uncompetitive to VOCs. Figure 1.6 and Figure 1.7 show the most used salts
and HBD for HDES synthesis, respectively. This study employs [Ch]Cl and fatty acids at
different molar ratios to synthesize HDES. The solvent is easy to prepare, starting materials
are biodegradable, and the solvents have diverse polarity range.

1.3.4. Choline chloride
Choline chloride (Figure 1.4), also known as cholinium cation, (2-hydroxyethyl)trimethylammonium cation or HOCH2CH2N+(CH3)3 is the most widely used QAS for DES
synthesis34. Choline is a dietary component, precursor for acetylcholine (a
neurotransmitter), and can appear in esterified forms such as phosphatidylcholine and
glycerophosphocholine. Choline chloride is non-toxic, biodegradable, and is cheap,
making it possible to implement industrially.

Figure 1.4. Structure of choline chloride.
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1.3.5. Fatty acids
Fatty acids (FA) are carboxylic acids with the general formula H(CH2)nCOOH. FA
are important structural components of animals. FA differ from each other based on the
alkyl chain length. Short-chained fatty acids have fewer than 5 carbons, medium-chained
FA have between 6 to 12, and longer-chain FA has greater than or equal to 13 carbons.

1.4. Hydrophilic DES and Applications
The LTTMs are synthesized mostly by mixing natural high‐melting‐point starting
materials, which form a liquid by hydrogen-bond interactions with notable applications in
organic synthesis57-59, biofuel processing60-61, and catalysis39, 62. Some of the underexplored
fields of DES include biomass processing and liquid-liquid extractions or extractive
distillation38. Nonetheless, a few reviews on DES for analytical extraction have surfaced
recently37, 56, 63-67. Hizaddin et al.68 screened 94 DES solvents by applying conductor-like
screening model for realistic solvents (COSMO-RS) and evaluated their potential usage
for extractive denitrification of diesel. A comprehensive review of deep eutectic solvents
and its application in modifying electrode surfaces for electrochemical sensing and
biosensors has been published69-70. The use of DES as a media for Candida antartica B
lipase transesterification reactions is explained in details71.
Apart from LTTMs, other forms of DES from natural raw materials have evolved
over the past decade in the form of natural deep eutectic solvents (NADES). NADES was
introduced when cellular constituents like fructose, glucose, citric acid, proline, and other
metabolites formed viscous liquids at defined molar ratios72. NADES synthesis, types,
characterization, and applications, including its use in analytical extraction and
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lignocellulosic biomass pretreatment, are reviewed67, 73-80. A recent review by Vanda et
al.81 looked into the evolution of NADES from ionic liquids and DES, and further expanded
on the applications of NADES in pharmaceuticals, cosmetics, food and agricultural.
NADES can be used as a solubilization agent for macromolecules and as a media for
enzymatic reactions81. Unlike LTTMs and NADES, THEDES is another subgroup of DES
with one of the components as a pharmaceutically active ingredient (API). Commonly used
API include acetylsalicylic acid, benzoic acid, ibuprofen, and phenylacetic acid42-43.
Developmental research is ongoing to develop THEDES which will be effective for drug
delivery. Compared to water, choline chloride-urea and choline chloride-malonic acid
DES improved the solubility of benzoic acid, danazol, griseofulvin, AMG517, and
itraconazole by 5 to 22,000 fold82. This notable feature of DES makes it promising for
pharmaceutical applications and drug delivery. In view of this, developing HDES is
important not only for analytical extraction but also as vehicles for drug solubilization.

1.5. Hydrophobic DES synthesis
The synthesis of HDES is similar to hydrophilic DES. As shown in Figure 1.5.,
HDES is synthesized by mixing DL-menthol (HBA) and DecA (HBD) at 1:1 molar ratio
followed by heating. The polarity surface of both the donor and the acceptor molecules
show three regions; blue = proton-donating region with negative charge density, red =
proton-acceptor region with positive charge density, and green = hydrophobic region.
Among the HBAs, DL-menthol is gaining popularity for its use in solvents for analytical
extraction whereas decanoic acid (DecA) is the most used HBD in HDES synthesis. There
is no single way for HDES synthesis since this depends on the starting raw materials.
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HDES can be synthesized by simply mixing the constituents at ambient temperature83 or
by heating at as high as 80 ℃ with or without stirring84-85. Figure 1.6 and Figure 1.7 list a
number of hydrogen bond donors and hydrogen bond acceptors commonly used for HDES,
respectively. The physical appearance of most HDES depends on the nature of the
constituents. However, most HDES form clear and transparent liquids, and are stored in a
desiccator. In designing HDES for analytical extraction, a careful consideration of the
molar ratio and the alkyl-chain length of the HBA and HBD are critical. HDES physical
and chemical properties were tailored for pyrethroids86 and polycyclic aromatic
hydrocarbons (PAH)87 extraction by modifying the molar ratio of the constituents. In the
extraction of bisphenol A, Florindo et al.88 showed that octanoic acid (C8), nonanoic acid
(C9), decanoic acid (C10), and dodecanoic acid (C12) can act as either HBA (due to the
carbonyl group) or HBD (due to the hydroxyl group) to form HDES.
A moderately high extraction efficiency of 76.04 %, 88.32 %, and 81.81 % was
obtained by using C8−C12 HDES, C9−C12 HDES, and C10−C12, respectively. Low alkylchain carboxylic acids like acetic acid, butyric acid, levulinic acid, hexanoic acid, and
pyruvic acid have been used together with DL-menthol or N4444–Cl for HDES synthesis89.
Varying the alkyl chain of either the HBA or the HBD is necessary to tune the polarity of
the HDES for a defined application. Martins et. al 90 recently synthesized and designed
HDES from the terpenes thymol and L (-) menthol and monocarboxylic acids and
characterized the solvent through density measurements, viscosity, solid-liquid equilibria,
and Kamlet-Taft solvatochromic parameters. Thymol-based HDES were found to be less
viscous (1.3−50.6 mPa.s) and denser than L (-) menthol-based eutectic mixtures90. As
expected, despite the similarities between thymol and L (-) menthol, the physical and
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chemical properties of their resulting solvent differ with thymol having higher hydrogenbonding acidity character and menthol having high basicity behavior90.

Figure 1.5. Synthesis of HDES from DL-menthol (HBA) and decanoic acid (HBD) at 1:1
molar ratio. Molecular structure graphics by MolView version 2.4.
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1.6. Applications of HDES in analytical extraction
DES hydrophobicity was introduced in 2015 by van Osch and co-workers,
although, the authors acknowledged earlier work involving hydrophobic menthol-based
eutectic mixtures55, 91. The first application of HDES involved liquid-liquid extraction of
volatile fatty acids (VFAs) comprising of acetic, propionic, and butyric acid from the
aqueous environment. The extraction efficiency of the VFAs was found to increase with
increasing alkyl chain length. For example, N8881-Cl: DecA 1:2 efficiently extracted 38
% acetic acid, 70.5 % propionic acid, and 89.8 % butyric acid55. The high extraction
efficiency compared to similar VFAs extraction with amine-based extractants could be
attributed to the hydrophobicity of the HDES55, 92.
Since then, active research is ongoing to investigate how HDES are synthesized
and their possible applications in diverse fields. Four different HDES synthesized from
trioctylmethylammonium chloride and DecA 1:2, trioctylmethylammonium chloride and
octanoic acid, tetrabutylammonium chloride and DecA, and tetrabutylammonium chloride
and octanoic acid found the latter as an effective solvent to efficiently extract eight
synthetic pigments in beverages with recoveries between 74.5−102.5 % and RSD less than
5.4 %93. Recently, a low cost, highly porous, and ultralight HDES was synthesized
(combined techniques from nanofibrillation, silylation, and freeze-drying) capable of
squeezing oil (superabsorbing agents) with an absorption capacity of 65−205 (g/g)94.
Another liquid-liquid separation of metal uranyl nitrate ([UO2]2+) from aqueous acid using
low viscosity hydrophobic eutectic solvent from trioctylphosphine and phenol has been
reported95. The presence of phenol in the mixture was reported to be crucial for generating
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the eutectic mixture composition rather than having a role in the uranyl complexation and
extraction96.
A menthol-based HDES with acetic acid (1:1) showed efficient extraction of
phytocannabinoids with yields ranging from 118.6 % to 132.6 %, which is higher than
using terpenol, borneol, geraniol, and linalool as HBA97. This HDES has higher extraction
efficiency for phytocannabinoids than traditional liquids like methanol and ethanol97. Apart
from acetic acid, other transparent liquid-based HDES formed with menthol include
hydrogen-bond donors like formic, propionic, butyric, hexanoic, octanoic, dodecanoic,
lactic, phenylacetic, and mandelic acid at 1:1 molar ratio97. Menthol with oxalic, malonic,
tartaric, phthalic, glycolic, malic, hippuric, pyruvic, and aspartic acid (1:1) form solidliquid mixture after heat treatment at 80−95 ℃97. A tailor-made HDES with methyltrioctyl
ammonium chloride (N81−Cl) and 18 different alcohols or aliphatic acids was able to
extract between 13 mg/g to 23 mg/g of polyprenyl acetates from Ginkgo biloba leaves
powder98. Lastly, reports on using HDES for In3+ 99 and Co3+ 100 extraction from aqueous
solutions has been established. For quantification purposes, HPLC coupled with UV/Vis is
the most used separation and quantification technique. A low limit of detection (LOD) for
amphetamine and methamphetamine is between 2 ng/mL to 5 ng/mL83.
In the next chapters, the role of anions in DES by experimental and COSMO-RS
simulation was investigated. Moreover, the synthesis, characterization, and application of
HDES from choline chloride and fatty acids were studied. These solvents were applied to
isolate piperine, a bioactive compound, from black pepper was evaluated. Also, the
electronic and molecular properties of HDES by solvatochromic molecular probes and
density functional theory were studied.
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Figure 1.6. Common HBA used for HDES synthesis101.

20

OH

O

butyric acid

OH
decanoic acid
O

OH

O
OH

dodecanoic acid

hexanoic acid

HO

HO

1-tetradecanol

cyclohexanol
OH
HO
glycerol

HO

capryl alcohol

OH
CH2•
dodecyl

OH

O

OH
1,2-butanediol
F
HO

octanoic acid
O

F
F
F

nonanoic acid

F
F
hexafluoroisopropanol

O
OH

HO
OH
1,3-propanediol

Figure 1.7. Common HBD used for HDES synthesis101.

O
pyruvic acid

OH

OH

21

CHAPTER TWO
INVESTIGATING ANIONS ROLE IN DEEP EUTECTIC SOLVENTS BY
EXPERIMENT AND COSMO-RS

2.1. Introduction
Deep eutectic solvents are formed mostly by mixing hydrogen bond acceptor
(HBA) with hydrogen bond donor (HBD) at the correct molar ratio. The melting point
depression of DES occurs when the anionic group of the salt weakens in its interaction due
to hydrogen bonding with the cationic group of the HBD35, 102. Like DES, conventional
ionic liquids such as [EMIM][Br], [BMIM][Br], [EMIM][BF4], [EMIM][Tf2N], and
[EMIM][BF6] also combine cationic and anionic groups to form liquids with lower melting
points. The bulky asymmetric cations coordinate weakly with the anions resulting in
improper packing and lowering of the melting point102.
A variety of HBA and HBD have been reported in literature to form DES but each
combination has their unique melting point depending on the strength of interaction. Some
of the common used HBA in DES include choline chloride, choline acetate, choline nitrate,
ethylammonium chloride, 2-fluoro-N,N,N-trimethylethanaminium, tetrabutylammonium
bromide, tetrabutylammonium chloride, lithium bis [(trifluoromethyl)sulfonyl]imide,
benzyltriphenylphosphonium chloride, and acetylcholine chloride 38, 103.
Anions in DES and ionic liquids influence some physicochemical and
physiothermal properties such as melting point, boiling point, color, vapor pressure,
density, surface tension, conductivity, refractive index, and viscosity of the solvent.
Recently, Row and Ma104 reported an anion-dependent extraction of rutin, quercetin, and
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scoparone from Herba artemisiae scopariae using a variety of ILs as extractive addictive
solvents. Their work inferred that the anionic moiety of the IL increased the hydrogenbond interaction between the IL and the target compound. Anions like NTf2− and N(CN)2−
have been shown to play critical roles in tuning ILs fluidity with concomitant lowering of
viscosity105.
Anions play a critical role in charge transfer, charge distribution, and hydrogenbond formation in DES. Pioneering work by Abbott et al.36, showed a decreasing order of
anions F− > NO3− > Cl− > BF4− in freezing point of QAS with urea. Despite numerous
advantages of anions in DES and ILs, others like BF4− and BF6− pose major concern,
especially when used in biocatalysis due to in-situ production of hydrofluoric acid.
To date, most literature reports choline chloride as sole source of QAS for
DES formation. The low cost, biocompatibility, and availability of the chloride-based salt
makes it a good choice for the industry. Although, [Ch]Cl has been extensively studied in
the literature to form a strong hydrogen bond in most eutectics, little or no work has been
done to thoroughly explain how the anion or replacing the chloride with other halogens
may affect physiochemical properties of DES.
In this chapter, an extensive discourse on the impact of [Ch]Cl, [Ch]Br, and
[Ch]I with urea, malic acid, and malonic acid were studied at their eutectic molar ratios
already established in literature. For example, [Ch]Cl:urea 1:2 and [Ch]Cl:malonic acid 1:1
have been reported to form DES with decreased melting point at 12 ℃ and 10 ℃35,
respectively. The glass transition temperature (Tg) of [Ch]Cl:malic acid 1:1 eutectics is at
-56.48 ℃62. The chloride (Cl−), bromide (Br−), and iodide (I−) anions were selected for this
study to broaden our understanding on how size, molecular volume, and electronegativity
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difference influences on DES. In all, nine different DES were synthesized and
characterized for physical, chemical, and thermal properties. After synthesis, a
nondestructive ATR-FTIR was performed to study the nature of the DES formed. Physical
characteristics and behavior of the DES based on color, state, viscosity, and flow pattern
were observed and recorded. A selection criterion for further characterization of the
synthesized DES was based on whether or not the solvent remains liquid at room
temperature. The density and refractive index were measured to determine DES purity. To
estimate how anions impact DES intermolecular force and thermal stability, thermal
gravimetric analysis (TGA and DTA) was measured for the solvent. By using a series of
experimental approaches, our results established a correlation on how anions alter polarity,
pH, conductivity, and viscosity of DES. Hydrogen-bonding strength of DES was
determined by differential scanning calorimetry (DSC) and proton-NMR chemical shift.
To validate the experimental data, quantum computational calculations were
performed via COSMO and COSMO-RS approach to demonstrate how the change in anion
of the QAS alters activity coefficient at infinite dilution, vapor pressure, and the affinity of
water, methanol, ethanol, and acetonitrile for DES. The Conductor-like Screening Model
(COSMO) is a quantum mechanics (QM) continuum solvation model106. QM continuum
solvation models are extension of basic QM (isolated molecules are described at T=0 K in
gas phase or in vacuum) to describe liquid phases107-108. Before the COSMO theory,
parametrization of electrostatic interactions into computational force-field models
(molecular dynamics and Monte Carlo simulations) suffered limitations to describe
solvation of polarizable molecules109-110.
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The Conductor-like Screening Model for Real Solvents (COSMO-RS)111 is a
quantum mechanical model that integrates quantum theoretical models with dielectric
continuum models, local electrostatic interactive surfaces, and statistical thermodynamics
to describe unimolecular properties of individual species in a system 107. In COSMO-RS,
the interaction energies of the contact surfaces are calculated due to specific contributions
from misfit, hydrogen bonding interaction, and van der Waal interactions 112. A detailed
explanation and calculations involved in COSMO and COSMO-RS is outline in these
references107-109, 113.

2.2. Experimental
2.2.1. Chemicals
Choline chloride, malic acid, malonic acid, and urea were all purchased from Acros
Organics and had purity ≥ 99 %. All other chemicals were of analytical grade.

2.2.2. Synthesis of DES
DES were synthesized by mixing choline chloride and HBDs at 1:1 or 1:2 molar ratios and
heated at 80 ℃ for 15-30 min under constant stirring at atmospheric pressure until a
homogenous liquid was obtained. The prepared DES were cooled to room temperature and
stored in a desiccator.

2.2.3. Fourier Transform Infrared (FTIR) Spectroscopy
A Thermo Scientific Nicolet 380 spectrometer with ZnSe attenuated total reflection (ATR)
was employed to study the functional groups of three HBD, three HBA, and the nine
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synthesized DES at room temperature. In principle, when infrared radiation passes through
a sample placed on the ATR crystal, some radiation gets absorbed and others become
transmitted. The FTIR then uses an interferometry to record the output spectrum which
represents the characteristic fingerprint of the sample. For the experimental procedure,
infrared transmittance was collected from 4000 cm -1 to 400 cm-1 with 128 scans at a
resolution of 8 cm-1. Background collection was done before every sample and correction
was done for CO2 and H2O. Data analysis was done in the OMNIC software.

2.2.4. Density
The density of the DES was determined by gravimetric analysis. A 5.00 mL pipet was
calibrated to dispense 5.00 g/mL of water. The balance was calibrated following good
laboratory practice (GLP) standards. Each measurement was repeated for at least five times
and the average value reported. All density measurements were carried out at room
temperature.

2.2.5. Refractive index
The refractive indices of DES were determined using the Bausch & Lomb Abbe-3L
refractometer with an accuracy of ± 0.0001 using the sodium D line at 589.3 nm. The
refractometer was calibrated using deionized water (1.3328 ± 2.89 × 10 -4 nD) before
measurements at room temperature in triplicate.
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2.2.6. Electronic transition
The electronic transition of Nile red in DES was measured at room temperature using a
Synergy|H1 microplate reader, Biotek, UV-Vis spectrophotometer. The maximum
absorption wavelength (λmax) was set between 400 to 650 nm at 1 nm interval. The working
concentration of Nile red was kept as low as 0.5 × 10-4 M to minimize solute-solute
interaction.

2.2.7. Viscosity
Temperature dependent viscosities (η/mPa.s) were measured using the Brookfield DV-III
Ultra Programmable Rheometer connected to the VWR refrigerated circulating
temperature controller. Measurement was done using a CPE-40 cone spindle with 0.5-mL
sample volume. Instrument calibration was done using the certified Brookfield viscosity
standards with an uncertainty of about 1%. Viscosity readings were done using the
standalone mode of operation and cP values for all DES were recorded at room temperature
with shear rate of 0.75 s-1. [Ch]Cl:urea and [Ch]Br:urea was selected as model solvents to
monitor the influence of the anion on viscosity at varying shear rate from 0.75 s -1 to 3.75 s1

and temperature from 25℃ to 65 ℃. Arrhenius plot on temperature-viscosity relationship

(equation 2.1) was done in Origin.
ln(η) = In(As) - Ea/R (1/T)

(Equation 2.1)

where ln(η) is the natural logarithm of viscosity in mPa.s, In As is the preexponential factor constant in mPa.s, Ea is the activation energy in Jmol-1, R is ideal gas
constant in Jmol-1K-1, and T is temperature in K.

27

2.2.8. pH and Conductivity
pH measurements of DES were determined using the Accumet ® AB150 pH/mV
meter, Fischer Scientific, at 23 ± 0.3 ℃. Calibration of the pH probes were done using pH
standards of 4, 7, and 10 buffer solutions with an accuracy of ± 0.002 pH. Conductivity κ
measurements were determined using the Oakton Cond 6+ conductivity probe which
measures κ and temperature in μS cm-1. Calibration was done using 1000 ppm sodium
chloride solution with an uncertainty of about 0.5 %.

2.2.9. Differential scanning calorimetry
The melting temperature (Tm) and glass transition temperatures (Tg) of the HBA,
HBD and DES were measured using a TA-Q2000 differential scanning calorimeter at a
heating rate of 10 ℃/min. An approximate amount between 5 to10 mg of sample was
weighed into aluminum hermetic pan and covered with the lid. DSC measurements for
HBA and HBD were done from 25 to 200 ℃, and between -80 to 50℃ for DES. The
advanced TzeroTM technology and temperature-controlling capability of the DSC ensured
effective and accurate heat flow to the sample. To avoid moisture contamination, a
continuous nitrogen purge at a rate of 20 mL/min was set. Accuracy and repeatability of
DSC measurements were ensured by calibrating with an indium standard.

2.2.10. Thermogravimetric analysis
TG/DTG measurements were done using Seiko instruments TG/TDA 220 which
measures percentage weight loss of samples due to a change in temperature or time.
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Approximately, 8-9 mg of sample were weighed into aluminum pan for measurements
under nitrogen atmosphere. The high-purity nitrogen purging system (flow = 20 mL/min)
provided an inert environment to prevent unwanted oxidation. Sampling was done at every
0.5 sec from room temperature to 350 ℃ at a heating rate of 10 ℃/min.

2.2.11. Computational calculations and parameterization
The 3D-molecular structure and geometry of both HBA and HBD were generated
in TmoleX 4.2 using the inbuilt 3D molecular builder. Each compound was generated using
their simplified molecular input line entry specification (SMILES) for consistency in the
bond distance and bond angle. The optimized geometry of the DES was done using DFT
with BLYP functional and triple zeta valence polarized basis set (def-TZVP) for all atoms
with resolution-of-index (RI) approximation. All quantum mechanical calculations were
performed

in

the

TURBOMOLE

computational

package

(TmoleX

4.2

and

COSMOtherm)108. Simultaneously, the COSMO file (COSMO-BP-TZVP_file name) of
DES was generated at same theoretical computational level. COSMO files are used in the
COSMOtherm software to calculate the thermodynamic equilibrium properties.
Convergence criteria was set to 10-6 Hartree and 200 cycles. Convergence was based on
the geometry with lowest electronic self-consistency cycle energy. The COSMOtherm
program package was used to calculate the sigma profiles and sigma potentials of the DES
together with thermodynamic parameters such as vapor pressure, activity coefficient at
infinite dilution (IDAC), density, and partition coefficient 106, 114.
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2.3. Results and Discussion
2.3.1. Physical behavior and characteristics
A homogenous mixture was obtained by mixing HBA and HBD at their respective
molar ratios. The preparation steps for DES synthesis is simple and takes about 30-60 mins
to generate the solvent. DES synthesis requires no purification steps and is simple
compared to conventional ionic liquids. The [Ch]Cl and [Ch]Br salts form a highly viscous
liquid with urea, malonic acid, and malic acid (Table 2.1.). [Ch]Br:urea forms a clear
solution after preparation but solidifies after prolonged stay at room temperature. All the
DES formed with [Ch]I QAS remained solid after 5 minutes at room temperature. The
characteristic nature of the halide (in QAS) and the HBD determines the color of the DES.
In terms of flow pattern, DES formed from malic acid and urea appeared to be more viscous
than DES formed from malonic acid.

Table 2.1. Physical characterization of synthesized deep eutectic solvents at 25 ℃.
DES
[Ch]Cl:urea
[Ch]Br:urea
[Ch]I:urea
[Ch]Cl:malonic acid
[Ch]Br:malonic acid
[Ch]I:malonic acid
[Ch]Cl:malic acid
[Ch]Br:malic acid
[Ch]I:malic acid

Physical characterization
Liquid at RT, clear, very viscous, flows at RT
Liquid at RT, very viscous, clear, solidifies at prolonged storage time
Clear, solid at RT (minutes after preparation)
Liquid at RT, clear, medium viscosity, flows at RT
Liquid at RT, little yellowish, flows at RT, medium viscosity
Solid at RT, yellowish
Liquid at RT, highly viscous, flows with difficulty, light yellowish
Liquid at RT, highly viscous, flows with difficulty, light yellowish
Solid at RT, yellowish-red
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2.3.2. Molecular vibrations and structure analysis of DES
From the results, all the DES shows a stretching O-H band in the FTIR spectra
between 3200 and 3500 cm-1 which is a characteristic of hydrogen bonding (Fig. 2.1, Fig.
2.2, and Fig. 2.3). This is evidenced by a shift in the O-H stretching band in the DES
compared to the O-H stretching band in the individual components. The stretching is
probably due to the transfer of electron cloud to form hydrogen bonding. The FTIR spectra
of most DES looks similar to the HBD spectra except the presence of new peaks and shift
of peaks in the DES115.
The ammonium identity between 943 and 954 cm -1 and a strong carbonyl (C=O)
group between 1660 and 1726 cm-1 confirms the HBA and HBD interaction. As expected,
DES formation resulted in reduction of the C=O peak intensity compared to their
corresponding peak in the HBD due to the molecular interaction between the HBA and the
HBD. Notwithstanding, all the DES showed a C=O shift to higher wavenumbers due to
stretching of the carbonyl band. The stretching of bands to higher wavenumbers may be
due to a decrease in bond length because of hydrogen bonding. For example, an increased
C=O wavenumber was observed at 1723.6 cm-1 and 1719.2 cm-1 for [Ch]Cl:malic acid and
[Ch]Cl:malonic acid DES, respectively.
Changing the anion alters the intensity of the ammonium identity peak (952 cm-1)
in the DES, which in future might be used as a probe to verify DES formation. The intensity
of this peak in [Ch]Cl:malic acid (54.2 %) > [Ch]Br:malic acid (53.4 %) > [Ch]I:malic
acid. Also, [Ch]Cl:malonic acid (55.4 %) > [Ch]Br:malonic acid (52.3%) > [Ch]I:malonic
acid (47.2%). The intensity of 952 cm-1 peak in chloride-based DES was found to be greater
than bromide-based DES and iodide-based DES with [Ch]I:urea as the only exception.
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The differences in intensity of peaks may be due to the change in the dipole moments of
atoms due to change in electronegativity when the acceptor group interacts with the donor
group. Also, changing the anion in the HBA affects the vibrational pattern in the DES with
concomitant changes in the O-H stretching pattern, intensity reduction, and the shift of
some peaks in the fingerprint and functional group region.
From the FT-IR data, we can predict that altering the anion component of the HBA
affects the nature of the DES formed. For example, [Ch]Cl:malonic acid or [Ch]Cl:malic
acid and [Ch]Br:malonic acid or [Ch]Br:malic acid shows similar spectral characteristics
compared to [Ch]I:malonic acid and [Ch]I:malic acid. The latter shows little or no O-H
stretching pattern which may be due to reduced or no hydrogen bonding. The loss of N-H
stretching vibrations in [Ch]Cl/Br:urea between 3200 and 3500 cm -1 is an evidence of
hydrogen bonding.

Figure 2.1. FTIR spectra of [Ch]I:urea (magenta), [Ch]Br:urea (green), and [Ch]Cl:urea (red) at 1:2 molar ratio.
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Figure 2.2. FTIR spectra of [Ch]I:malonic acid (magenta), [Ch]Br:malonic acid (blue), and [Ch]Cl:malonic acid (red) at
1:1 molar ratio.
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Figure 2.3. FTIR spectra of [Ch]I:malic acid (green), [Ch]Br:malic acid (magenta), and [Ch]Cl:malic acid (red) at 1:1 molar
ratio.
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2.3.3. Density
Density is an important thermophysical parameter that has been studied extensively
for most liquids including ionic liquids and DES103. The density of six DES was measured
by gravimetric experimental procedures and by simulations. As shown in Table 2.2 and
Table 2.3, the experimental and simulated density values are consistent, and the data is
comparable to already reported values in literature within the range of 1.1-1.6 g cm-3 47, 103.
The bigger the size of the anion, the higher the value of density and vice versa. DES
synthesized from [Ch]Br has density less than or equal to 1.26 g cm -3 whereas DES from
[Ch]Cl is less than or equal to 1.25 g cm-3. The gravimetric method remains a reliable
method for measuring DES, however, comparable data generated by computational
simulations makes this method easier and faster. The simulated density values of some
DES were compared to experimental data reported in literature 47.

Table 2.2. Experimental density and molecular volume of the synthesized DES.
DES

Density g/cm3

Vm cm3/mol

[Ch]Cl:urea (1:2)

1.1876

218.72

[Ch]Br:urea (1:2)

1.3395

255.50

[Ch]Cl:malic acid (1:1)

1.2646

216.45

[Ch]Br:malic acid (1:1)

1.3996

254.51

[Ch]Cl:malonic acid (1:1)

1.2235

199.17

[Ch]Br:malonic acid (1:1)

1.3654

238.89
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Table 2.3. Simulated densities of DES at 25 ℃.
HBD

[Ch]Cl, g/cm
Urea (1:2)
1.105623
Malic acid (1:1)
1.212491
Malonic acid (1:1)
1.186068
Oxalic acid (1:1)
1.237826
Citric acid (1:1)
1.26678
Acetamide (1:2)
1.079446
Maleic acid (1:1)
1.202076
Ethylene glycol (1:2)
1.076418
p-toluene sulfonic acid (1:1) 1.222672
a
Experimental density of DES in literature47.

3

a

[Ch]Cl, g/cm
1.1879
1.2796
1.2112
1.2371
1.3313
1.0852
NA
1.1139
1.2074

3

[Ch]Br, g/cm
1.265318
1.374576
1.369014
1.437371
1.396726
1.245339
1.389668
1.240394
1.373487

3

[Ch]I, g/cm
1.412593
1.514014
1.525729
1.595504
1.524873
1.39441
1.545501
1.395016
1.507067

The volume occupied by one mole of DES, molar volume (Vm), was calculated by dividing
the molar mass of DES by the experimental density (equation 2.2).
Vm = M/Ꝭ

(Equation 2.2)

where M corresponds to the molar mass of DES in gmol-1, and Ꝭ is density in g
cm-3.
The molar volume of [Ch]Cl:malonic acid is 199.17 cm 3 mol-1 and was the smallest,
whereas [Ch]Br:urea has the biggest Vm of 255.50 cm3 mol-1. Abbott et al.46 reported a
molar volume of 210.1 cm3 mol-1 for [Ch]Cl:urea compared to 218.7 cm3 mol-1 obtained
in Table 2.2. Though the values are similar, the differences in the density values obtained
may be due to temperature fluctuations. In most cases, the higher the molar mass of the
DES, the higher the molecular volume. Smaller Vm indicate that the DES is more compact
due to hydrogen bonding.

3
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2.3.4. Refractive index
Light passing through a vacuum is faster than in a sample containing particles.
Sample particles causes absorption, deflection, and reflectance of light rays. Refractive
index is a measure of the speed of light through a sample and acts as a physicochemical
indicator used to estimate the purity of samples in a given matrix116. Recently, Florindo et.
al.,40 reported a range of DES refractive indices to be between 1.48-1.49 nD, except
[Ch]Cl:levulinic acid which had low index of 1.46 n D, highlighting the influence of the
anionic group. To fully understand this phenomenon, we tested the influence of changing
anions of DES mixtures as shown in Table 2.4. From our results, changing the anion in the
HBA significantly altered the refractive index of all the eutectic mixtures. This was
confirmed by comparing the means of DES using Tukey-Kramer pairwise statistical
analysis in JMP. At 95% significance level, all the DES showed a p-value ≤ 0.0163
signifying that the nD values are different from each other.
Table 2.4. Refractive index of DES.
DES

Refractive index (nD)

[Ch]Cl:urea

1.5063 ± 2.89 × 10-4

[Ch]Br:urea

1.5208 ± 7.64 × 10-4

[Ch]Cl:malic acid

1.4838 ± 2.89 × 10-4

[Ch]Br:malic acid

1.4988 ± 2.89 × 10-4

[Ch]Cl:malonic acid

1.4812 ± 2.89 × 10-4

[Ch]Br:malonic acid

1.5003 ± 5.77 × 10-4

Increasing the molecular weight of the anion from Cl - to Br- in the HBA increases the
refractive index between 0.0145 to 0.019 nD.
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The order of increase in refractive index of DES is [Ch]Br:urea > [Ch]Cl:urea >
[Ch]Br:malonic acid > [Ch]Br:malic acid > [Ch]Cl:malic acid > [Ch]Cl:malonic acid. A
comparable nD values was reported for [Ch]Cl: malonic acid and [Ch]Cl: urea at 1.5044
and 1.48713 nD, respectively40, 103. In application, refractive indices of DES can be used to
measure the electronic polarizability of the solvent or its behavior in solutions by using the
Lorentz–Lorenz equation (Equation 2.3)40, 117.
(𝑛2−1)
(𝑛2 +2)𝜌𝑚

=

NAα
3𝑀

(Equation 2.3)

where n = refractive index, Ꝭm = mass density, NA = universal Avogadro’s number,
and M = molecular weight of the chemical element of the material.

2.3.5. Polarity
The polarity of the DES was determined by measuring the shift in the maximum
wavelength of Nile red dye in a DES microenvironment. The highly acidic nature of some
DES makes Nile red an alternative solvatochromic dye compared to Reichardt’s betaine
dye. The phenolate oxygen of the later becomes protonated in acidic medium and loses its
absorption band118. Upon protonation, the absorption band of Nile red appears in both
acidic and polar solvents119. The frequency of light required to excite an electron across the
HOMO/LUMO gap determines the absorption maxima. To elucidate the polarity of the
prepared DES, most especially concerning the influence of the HBA, the highly polar
methanol and medium polarity ethyl acetate was selected as control organic solvents (Fig.
2.4.).
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Figure 2.4. Nile red dye in DES and control solvents.

Nile red shows maximum absorption at 553 nm in methanol and 523 nm in ethyl acetate.
The bathochromic and hypsochromic shift of Nile red in methanol and ethyl acetate,
respectively, is an indicator of the solvent’s polarity. Polar solvents and those that form
hydrogen bond with Nile red causes increased charge delocalization with resulting shift of
the maximum wavelength to red. In fact, polar solvents are able to stabilize the twisted
excited state of Nile red and enhances the intramolecular charge transfer leading to
bathochromic shift120. Experimental wavelength measurements (in nanometers) of both
organic solvents and DES in Nile red at 25 ℃ were converted to transition energies in kcal.
mol- 1 by dividing by 28592118-119. From Table 2.5., the transition energy of Nile red ET
(NR) in solvents from π to π* transitions show that all the DES synthesized are more polar
than either methanol or ethyl acetate. The transition energy of methanol and ethyl acetate
are 51.73 and 54.67 kcal. mol-1, respectively, compared to literature values of 52.02 and
54.94 kcal. mol- 1 119. The normalized electron transition (ETN) approaches one for nonpolar
solvents and zero for polar solvents. The dimensionless ETN values for DES ranges from
0.530 to 0.597 whereas methanol and ethyl acetate have 0.649 and 0.740, respectively. The
low ET (NR) values of DES confirms the high polarity of the solvent compared to some
traditional solvents.
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Table 2.5. Electronic and normalized transition in DES

DES
[Ch]Cl:urea
[Ch]Br:urea
[Ch]Cl:malic acid
[Ch]Br:malic acid
[Ch]Cl:malonic acid
[Ch]Br:malonic acid
Methanol
Ethyl acetate

ET (NR)/ kcal. mol-1
50.04336
49.92685
48.59735
48.29635
48.02594
47.89186
51.73361
54.66815

ETN
0.597017
0.593421
0.552387
0.543097
0.534751
0.530613
0.649185
0.739758

Using this one single parameter as an index of solvent polarity, a proposed
increasing order for polarity is ethyl acetate < methanol< [Ch]Cl: urea < [Ch]Br:urea <
[Ch]Cl:malic acid < [Ch]Br:malic acid < [Ch]Cl:malonic acid < [Ch]Br:malonic acid. The
results show a clear trend that changing the anion of the HBA alters the polarizability of
the DES. Since the electronegativity (χ) of Cl - ion is greater than Br- ion, it was expected
that the polarity of the chloride-based DES should be higher than the bromide counterpart.
Regardless of the χ difference between the anions, the bromide-based DES showed higher
polarizability than the chloride-based DES studied. This trend indicate that DES polarity
may not be attributed solely to the χ difference of the anion, but other factors like dielectric
constant may contribute. Based on results, we showed that the bigger size of the Br- ion
makes the anion more polarizable than the Cl - ion to effect on the polarity.

2.3.6. Behavior of DES viscosity
Viscosity of most available DES has been extensively studied 103, 121. Nonetheless,
data on how Cl- and Br- anions affect DES viscosity has not been explored thoroughly. The
degree of viscosity increases as the molar ratio of the hydrogen bond donor increases 121.
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From our results in Table 2.6., the classical [Ch]Cl:urea has a viscosity of 777.5 ± 23 mPa.s
at 25 ℃ comparable to 750 mPa.s reported in literature 103. Changing the anion from Cl- to
Br- approximately doubled the viscosity of the [Ch]Br:urea to 1533 ± 18 mPa.s. The
[Ch]Cl:malonic acid and [Ch]Br:malonic acid have viscosity of 836.8 ± 56 and 890.9 ± 28
mPa.s, respectively. A high viscous clear liquid was observed from either [Ch]Cl or [Ch]Br
with malic acid. The presence of an extra hydroxyl group in malic acid may account for
their high viscosity than its diacid counterpart 40. This extra hydroxyl group may be
involved in hydrogen bond which further increases the viscosity. Unlike [Ch]Cl/Br-based
DES, [Ch]I DES with urea, malonic acid, and malic acid solidifies at room temperature
and its viscosity could not be determined.

Table 2.6. Viscosity of DES at 25 ℃.
DES
[Ch]Cl:urea
[Ch]Br:urea
[Ch]Cl:malonic acid

Viscosity (cP)
777.5 ± 23
1533 ± 18
836.8 ± 56

[Ch]Br:malonic acid
[Ch]Cl:malic acid
[Ch]Br:malic acid

890.9 ± 28
1478.3 ± 66
1216.7 ± 42
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Figure 2.5. Viscosity of DES as a function of temperature.
Using [Ch]Cl:urea and [Ch]Br:urea as model solvents, the temperature effect on viscosity
(Fig. 2.5) was investigated by fitting the viscosity-temperature data into the Arrhenius-type
equation (equation 2.1). This plot allowed to calculate the activation energy of flow, a
measure of intermolecular forces, in the DES40, 103.

Figure 2.6. Arrhenius plot of DES at 0.75 s-1 shear rate.
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The Ea of [Ch]Cl:urea was found to be -43.20 ± 0.25 kJ/mol whereas [Ch]Br:urea
is 65.71 ± 0.32 kJ/mol (Fig.2.6.). The larger the viscosity, the higher the Ea and the more
difficult it is for ions to move past each other due to size or interactions in the DES 40, 103.
Interestingly, the viscosity of both [Ch]Cl:urea and [Ch]Br:urea decreased drastically to
101 mPa.s and 31 mPa.s, respectively, when temperature was increased to 338.15 K (Fig.
2.5.). The low viscosity of [Ch]Cl/Br:urea (≤ 518 mPa.s) even at lower temperature,
T=308.15 K, makes it industrially applicable and can compete with conventional organic
solvents for synthesis, extraction, and pharmaceuticals.

A)

B)

Figure 2.7. Viscosity as a function of shear rate. A) [Ch]Cl:urea and B) [Ch]Br:urea
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The rheological characteristics of [Ch]Cl:urea and [Ch]Br:urea suggest that both solvents
behave as Newtonian fluid at temperatures between 35 ℃ to 65 ℃ (Fig.2.7.). Like water,
organic solvents, glycerol, and alcohol, a Newtonian fluid exhibits constant viscosity at
different shear rates. On the other hand, the DES irrespective of the anion shows a linear
relationship between shear stress and shear rate at higher temperatures. Contrary to this, at
low temperature less than 35 ℃, and shear rate less than 1.5 s-1, the DES behave as a
non-Newtonian liquid due to high viscosity exhibited by hydrogen bonding.

2.3.7. Anions affect pH and conductivity
pH measures the degree of acidity or alkalinity of a solution. The lower the pH
values, the higher the availability of free H+ ions which are not involved in hydrogen
bonding. Relatively, choline bromide versus the carboxylic acids DES have lower pH
values than DES made with the same acids with choline chloride (Table 2.7.). This is
probably due to the relatively stronger hydrogen bond network formed by the Cl - ion with
the protons compared to the Br- ion. A similar trend was observed when the conductivity
(κ) of the DES was measured at increasing temperature. DES with lower pH shows higher
conductivity than DES with higher pH. The κ of [Ch]Cl:urea and [Ch]Br:urea at 30 ℃ is
1207.3 ± 4.0 μS cm-1 and 1086.7 ± 5.1 μS cm-1 (Fig.2.8B.), respectively, compared to 1287
μS cm-1 of the former reported in literature47. Since [Ch]Br:malic acid had lower pH, its κ
from 25 ℃ to 40 ℃ was always higher than [Ch]Cl:malic acid (Fig.2.8A.). The higher the
pH, the lower the available free protons, and hydrogen bonding is expected to be high. It
should however be mentioned that conductivity of ionic liquids or DES also depends on
the availability of charges and their degree of mobility10.
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A comprehensive review by Wasserscheid and Welton (2007) revealed a weak
correlation between cation type and size on ILs conductivity10. The results point out a
strong correlation between anionic size and availability of protons in DES conductivity.

In(κ) = In(κo) – Ea/RT

(Equation 2.4)

In(κ) = In(κo) – Ea/R(T-To)

(Equation 2.5)

Table 2.7. pH of DES measured at room temperature.
DES

pH

[Ch]Cl:urea

9.94

[Ch]Br:urea

10.18

[Ch]Cl:malic acid

0.58

[Ch]Br:malic acid

-0.21

[Ch]Cl:malonic acid

-0.27

[Ch]Br:malonic acid

-1.51

From the plot of the natural logarithm of specific conductivity (ordinate) against
the reciprocal of temperature T in K (abscissa), the temperature independent activation
energy of conductivity, Ea, of DES was calculated by multiplying the gas constant R by
the slope. The introduction of an extra variable To into the fitting process (equation 2.5)
makes the temperature dependent Vogel-Fulcher-Tammann (VFT) equation not ideal for
calculations121. The lower the DES viscosity, the higher the conductivity.
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This inverse relationship is explained by the Walden rule which shows a strong relationship
between fluidity (inverse of viscosity) and ionic conductivity121-123. The activation energy
of conductivity of [Ch]Br:malic acid is 47.06 ± 0.30 kJ mol -1, [Ch]Br:urea is 42.11 ± 2.6
kJ mol-1, [Ch]Br:malonic acid is 37.55 ± 0.44 kJ mol-1 , [Ch]Cl:malic acid is 40.89 ± 0.35
kJ mol-1, [Ch]Cl:urea is 37.52 ± 0.68 kJ mol-1, and [Ch]Cl:malonic acid is 29.93 ± 0.19 kJ
mol-1 (Fig. 2.8.).
The results indicate that increasing the anion size of the HBA increases the Ea of
conductivity. A recent report shows that increasing the anionic size of ionic liquids increase
their conductivity, however, no clear correlation has been established10, 123. Although, size
may impede DES mobility, nonetheless, the bromide anion may weakly interact with the
available protons, making them (proton charges) available to conduct.
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Figure 2.8. Arrhenius plot of the natural logarithm of conductivity versus the inverse of
temperature.
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2.3.8. Influence of anions on DES melting point
Differential scanning calorimetry (DSC) measures temperature and heat flow
associated with the thermal transition of the sample. The thermal phases of urea, malonic
acid, malic acid, [Ch]Cl, and [Ch]Br were analyzed using the TA universal analysis
software. Melting point is an endothermic process and first-order phase transition in
crystalline polymers. Conversely, glass transition is a second-order transition with no heat
transfer as temperature rise causes amorphous glassy material to be in a rubbery form. The
Tg of [Ch]Cl:malic acid is -56.48 ℃124, and Tm for [Ch]Cl:urea and [Ch]Cl:malonic acid
are 12 ℃36 and 10 ℃35, respectively. Comparably, the Tg of [Ch]Cl:malic acid and
[Ch]Br:malic acid were found to be -55.61 ℃ and -53.89 ℃, respectively (Table 2.8.). An
increase in melting temperature occurs when [Ch]Cl:maleic acid (mp = 36.21 ℃) is
changed to [Ch]Br:maleic acid (mp = 71.24 ℃) due to changing the anion in the salt. From
Table 2.8., as the size of halides increase, DES melting point increases and consequently
affects the physical characteristics of the liquid. From the aforementioned, most HBA
containing iodide halides solidifies within the first 10 min after preparation at room
temperature.
Table 2.8. Melting and glass transition temperature of DES
HBD

[Ch]Cl

[Ch]Br

[Ch]I

Urea

19.21

35.53

70.27

Malic acid

-55.61*

-53.89*

31.24

Malonic acid

8.52

-2.68*

52.25

*Tg = glass transition temperature
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2.3.9. Thermogravimetric analysis (TGA)
2.3.9.1. Effect of anions on DES stability
A TGA analysis measures the mass loss of a sample placed in a furnace as it
undergoes a series of thermal events. By this, the thermal stability of the DES can be
estimated by analyzing the behavior of their thermal cycling. Unlike choline iodide, [Ch]Cl
and [Ch]Br DES stays liquid at room temperature and was of interest to determine their
thermal stability. Keeping in mind, atomic radii of Cl − and Br− increase with increasing
atomic number, and electronegativity of Cl − is greater than Br−, the tendency of forming
hydrogen bonding between the two halides will differ. Hydrogen bond in most DES occurs
through charge delocalization between the halide and the HBD 34. Due to the difference in
size and electronegativity of the anions, it is expected that the hydrogen bond profile would
be different. It is not surprising the melting point of chloride-based DES are relatively
lower than bromide-based DES and iodide -based DES. Simulation results by COSMO-RS
shows that Cl− ions form relatively stronger hydrogen bond with HBD and has advantage
to form eutectic solvents compared to Br− and I−.

Table 2.9. Decomposition temperatures of DES by thermogravimetric analysis.
DES
[Ch]Cl:urea
[Ch]Br:urea
[Ch]Cl:malic acid
[Ch]Br:malic acid
[Ch]Cl:malonic acid
[Ch]Br:malonic acid

Tonset/℃
173.53
194.73
173.20
179.43
124.37
131.11

Tendset/℃
273.43
286.22
277.23
279.22
155.48
163.93

T1/2/℃
259.71
272.46
250.60
260.51
150.0
158.38
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The results demonstrate that varying the anion alter the acceptor’s ability to interact with
the donor. The inability for the I− to form stronger hydrogen bond makes [Ch]I and HBD
mixtures solid at room temperature. The impact of DES anions on thermal stability remains
untapped and such data are missing in the literature. By using the thermal degradation or
mass loss as an index for stability, we analyzed the degradation profile of all six DES
mixtures by TGA and DTG (Table 2.9.). Tonset is defined as the temperature at which the
DES begin to loss approximately 3 % of its percent weight, Tendset is the temperature at
which DES degradation stops, and T1/2 is the temperature at half weight percent. From the
results, the Tonset values for the DES depict the strength of the intermolecular force between
the HBA and the HBD (Fig. 2.9.). The stronger the intermolecular forces, the higher the
thermal stability of the DES (high Tonset value). From Table 2.9., the Tonset of [Ch]Br:urea
> [Ch]Cl:urea, [Ch]Br:malic acid > [Ch]Cl:malic acid, and [Ch]Br:malonic acid

>

[Ch]Cl:malonic acid. The stronger intermolecular force between [Ch]Br and urea or
malonic acid confirms the high viscosity values obtained for those DES. The high T1/2
values for most DES explains the possibility of applying the solvent industrially even at
elevated temperatures. The DTG thermogram of [Ch]Cl:malonic acid (Fig. 2.9E) and
[Ch]Br:malonic acid (Fig. 2.9F) shows major peaks at 155 ℃ and 164 ℃, respectively,
representing malonic acid degradation. The detachment of malonic acid from the HBA at
such low temperature relative to the other HBD is an indication of the weaker
intermolecular force between malonic acid and the acceptor.
Regarding how different HBDs effect on the intensity of hydrogen bonding, the
Tonset of [Ch]Cl:urea > [Ch]Cl:malic acid > [Ch]Cl:malonic acid and [Ch]Br:urea >
[Ch]Br:malic acid > [Ch]Br:malonic acid. Although, malonic acid and malic acid are
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dicarboxylic acids, malic acid interacts strongly with the HBA with T 1/2 > 250 ℃. Due to
the extra hydroxyl group in malic acid, it is possible for the acid to form a more or stronger
hydrogen bonds. The ΔTonset between the [Ch]Cl/Br with malic acid DES is approximately
48 ℃ different compared to [Ch]Cl/Br with malonic acid. The results indicate that
different HBD can significantly alter the intermolecular interactions and the nature of the
DES. The thermal stability data corroborate with other structural characterization studies
to establish the necessity of both HBA and HBD as integral agents during DES formation.

A) [Ch]Cl:urea
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B) [Ch]Br:urea

C) [Ch]Cl:malic acid
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D) [Ch]Br:malic acid

E) [Ch]Cl:malonic acid
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F) [Ch]Br:malonic acid

Figure 2.9. Thermogravimetric analysis of DES. A) [Ch]Cl: urea, B) [Ch]Br: urea, C)
[Ch]Cl: malic acid, D) [Ch]Br: malic acid, E) [Ch]Cl: malonic acid, and F) [Ch]Br:
malonic acid.

2.3.10. COSMO and COSMO-RS Theory
2.3.10.1. COSMO Surfaces
In COSMO, the solute forms a cavity and are calculated in a virtual conductor
environment. The atom-specific charges on the solute induces a polarization charge density
(σ) on the interface between the cavity and the conductor to cancel the resulting electric
field within the conductor and its surrounding110, 112. In doing this, the solute molecule is
then converged to its energetically optimal state in a conductor with respect to electron
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density. From Fig. 2.10., the COSMO surface of the acceptor compound combines with
the donor at the correct molar ratio to form DES. The polarizable charge density at the
molecules surface is then calculated and termed as the screening charge density (SCD, σ),
a good local descriptor for a molecules polarity. Electrostatic interaction arises from the
contact of two different SCDs since in reality, no conductor exists between two molecules
surface107.
From the sigma profiles generated (Fig. 2.11.), the graph can be divided into three
parts depending on the screening charge density. HBD have negative SCD (-0.0084 e/Å2
≤ σ) and HBA have positive SCD (σ ≥ +0.0084 e/Å2)125-126. Between this region is the nonpolar region. SCD at -0.0084 ≤ σ ≥ +0.0084 e/Å2 is considered sufficiently polar to induce
hydrogen bonding. The screening charge density of molecules make COSMO-RS an
efficient tool to qualitatively and quantitatively predict the polarity of molecular surfaces.
In terms of polarity, positive SCD represent negative polarity whiles the negative SCD
describes positive polarity. The σ-profile describes the thermodynamic behavior of
individual components, whereas σ-potential describes the affinity or interactions of
compounds with other components126. At the acceptor region of the QAS sigma profile,
the charge density of the anions decreases in the order Cl- > Br- > I- (Fig. 2.11A). Although,
the sigma profile of the QAS has a donor region, no significant change occurred in their
charge density. The difference in size and electronegativity of the QAS impacted on their
charge density. Plotting the charge density (e/Å2) against the chemical potential (μ
(σ)/kcal/molÅ2) shows that [Ch]Cl has the highest affinity for HBD (more negative μ (σ)
value) and [Ch]I have the lowest affinity (less negative μ (σ) value) for HBD.
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Conversely, [Ch]I have the highest affinity for HBA whiles [Ch]Cl has the lowest. The
results give a clear indication that the Cl - ion can interact strongly with induced H+ ion to
form hydrogen bonds than the Br- and I- counterparts.

Figure 2.10. Schematic representation of DES formed by mixing hydrogen bond
acceptor with hydrogen bond donor. Red = HBA region, and Blue = HBD region.
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A)

B)

Figure 2.11. Effect of anions on the hydrogen bond acceptor. A) = Sigma plot and B) =
sigma potential of the QAS.
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2.3.10.2. Effect of HBD in DES formation
HBD affect charge surface polarity of DES mixtures. In this study, we selected nine known
HBD from the literature and categorized them into two groups based on their acidity. The
acidic group consist of malic acid, malonic acid, pTSA, oxalic acid, and citric acid whereas
the non-acidic group comprised of urea, xylitol, acetamide, and ethylene glycol. Among
the acidic HBD, [Ch]Cl: malic acid had the most negative μ (σ) value of -0.74 kcal/mol Å2
whereas [Ch]Cl: citric acid has the lowest value of -0.36 kcal/mol Å2. Since surface charge
density affects polarity and hydrogen bonding interaction, we can predict the strength of
hydrogen bonding of DES in increasing order [Ch]Cl:citric acid < [Ch]Cl:pTSA <
[Ch]Cl:oxalic acid < [Ch]Cl:malonic acid < [Ch]Cl:malic acid (Fig. 2.12. and Fig. 2.13.).
The opposite is true for the DES with highest potential to accept other molecules. The high
σ distribution of citric acid-based DES is due to the seven oxygen atoms from the
tricarboxylic acid (Fig.2.12A). Also, it is not surprising that pTSA has the highest
distribution at the non-polar region of the sigma profile because of the aromaticity of the
benzene group. The peaks located between -0.008 and -0.023 eÅ-2 represent H atoms used
in hydrogen bonding. For the ‘non-acid’ HBD, [Ch]Cl:ethylene glycol 1:2 had the most
nonpolar character. In terms of hydrogen bonding interaction, the decreasing order follows
as [Ch]Cl:urea > [Ch]Cl:xylitol > [Ch]Cl:ethylene glycol > [Ch]Cl:acetamide with μ (σ)
values of -0.86, -0.82, -0.78, and -0.63 kcal/mol Å2, respectively. As discussed previously,
the TG/DTG plot showed a stronger intermolecular interaction (higher onset
decomposition temperature, Tonset) of [Ch]Cl: urea greater than [Ch]Cl:malic acid and
[Ch]Cl:malonic acid. Simulations by COSMO-RS supports the experimental data due to
the hydrogen bonding pattern established.
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COSMO-RS simulations can be used to estimate the strength of hydrogen-bonding in DES
and further classify the solvent based on their polarity in a time efficient manner.

A)

60

B)

Figure 2.12. Effect of acidic HBD on DES formation. A) = Sigma plot of DES with
acidic HBD and B) = sigma potential of DES with acidic HBD.
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A)

B)

Figure 2.13. Effect of non-acidic HBD on DES formation. A) = Sigma plot of DES with
non-acidic HBD and B) = sigma potential of DES with non-acidic HBD.
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2.3.10.3. Effect of anions in DES
To further understand how anions impact DES formation, we selected and
simulated [Ch]Cl, [Ch]Br, and [Ch]I with urea and malic acid as hydrogen bond donors.
Malic acid and urea were selected because of their high donating strength to form hydrogen
bonds. From Fig. 2.14A and Fig. 2.15A, the H atoms of the sigma profile between -0.008
and -0.023 eÅ-2 had the same charge distribution p (σ) but variations occurred at the
acceptor region (> σ + 0.008). Variations at the acceptor region is due to electronegativity
difference and size of the QAS. In terms of hydrogen bonding interactions, the chloridebased DES shows higher affinity for HBD and less affinity for HBA.

The μ (σ) of [Ch]Cl:malic acid, [Ch]Br:malic acid, and [Ch]I:malic acid is -0.74, 0.67, and -0.46 kcal/mol Å2, respectively, whereas [Ch]Cl:urea, [Ch]Br:urea, and
[Ch]I:urea gave -0.86, -0.82, and -0.77 kcal/mol Å2 (Fig. 2.14B. and Fig. 2.15B.). From the
results, increasing the size and/or decreasing the electronegativity of the anion decreases
the chemical potential of the DES. Interestingly, [Ch]Cl and [Ch]Br show similar
distribution pattern across all DES formed demonstrating the possibility of using replacing
the most used [Ch]Cl, with [Ch]Br.

63

A) Sigma profile DES formed with malic acid and different anions.

B) Sigma potential DES formed with malic acid and different anions.

Figure 2.14. Effect of different HBA on DES formation. A) = Sigma plot of DES
with malic acid and B) = sigma potential of DES with malic acid.
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A) Sigma profile DES formed with malic acid and different anions

B) Sigma potential DES formed with malic acid and different anions

Figure 2.15. Effect of different HBA on DES formation. A) = Sigma plot of DES with
malic acid and B) = sigma potential of DES with malic acid.
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2.3.10.4. Vapor pressure
For environmental applications such as cleaning surfaces, coating, and dehydration,
vapor pressure becomes an inevitable parameter to avoid for environmental sustainability.
Total vapor pressure (PVtot) is a thermodynamic parameter that describe the tendency of a
molecule to escape into the atmosphere and therefore measures the attractive force holding
solvent particles together. Aissaoui et al. 115, showed that combining [Ch]Cl with glycols
reduces the volatility of the glycols115. In view of this, it was hypothesized that altering
anions will significantly change the vapor pressure of the resulting DES. In this study, we
tested our hypothesis by studying the volatility of [Ch]Cl, [Ch]Br, and [Ch]I with a variety
of hydrogen bond donors. As the van der Waal forces increases, QAS volatility decreases
with increasing size of the anion. The PVtot of [Ch]Cl and [Ch]Br are similar and could
explain why the two acceptors share in common some physicochemical properties (Fig.
2.16.).

Figure 2.16. Simulated vapor pressure of hydrogen bond acceptors at 25 ℃.
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From the simulated results at room temperature (Fig. 2.17.), [Ch]Cl:malic acid had
the lowest vapor pressure of 1.4936 × 10-26 kPa compared to 2.35 × 10-26 kPa of
[Ch]Br:malic acid. Between 25 ℃ to 150 ℃, [Ch]Cl:citric acid has PVtot values between
2.6818 × 10-26 kPa to 1.1328 × 10-13 kPa whereas [Ch]Br:citric acid DES is from 1.51× 1021

kPa to 1.88× 10-10 kPa. The low volatility of chloride-based DES is due to the strong

intermolecular interaction between the donor and the acceptor.

A) Vapor pressure of [Ch]Cl with different HBD
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B) Vapor pressure of [Ch]Br with different HBD

C) Vapor pressure of [Ch]I with different HBD

Figure 2.17. Vapor pressure of DES by varying both HBA and HBD. A) Vapor pressure
of [Ch]Cl with different HBD, B) Vapor pressure of [Ch]Br with different HBD, and C)
Vapor pressure of [Ch]I with different HBD. All DES is 1:1 molar ratio except choline
halide with acetamide or ethylene glycol which is 1:2.
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Surprisingly, [Ch]Br:oxalic acid had the lowest PVtot of 2.78 × 10-26 kPa among all the
bromide-based DES and is about 1.506 × 10-9 kPa lower than [Ch]Cl: oxalic acid. Choline
chloride and bromide DES with ethylene glycol had the highest vapor pressure among all
the DES studied. The PVtot of [Ch]Cl:ethylene glycol is 2.1555 × 10-15 kPa which is
relatively lower than the 8.5 × 10-14 kPa of [Ch]Cl:ethylene glycol 1:3 predicted by
Aissaoui et al.115 The difference may be due to the nature of the eutectic mixture formed.
The significantly lower vapor pressure of DES compared to glycols (< 0.01 kPa), make
DES a suitable solvent to implement in the industry, especially for the dehydration of
natural gases. From the results (Fig. 2.17.), a difference in the anion of the QAS
significantly impact on the vapor pressure of DES. The results can corroborate with other
physiochemical parameters to help select the appropriate DES mixture for industrial
applications and for environmental sustainability.

2.3.10.5. Activity coefficient
Activity coefficient at infinite dilution (IDAC), γ∞, is a useful measure of nonideality of
liquid mixtures and is essential for predicting solvents for extractive distillations. A
detailed comparison of the original and modified UNIFAC Group Contributions Methods
(GCMs) and the COSMO-RS thermodynamic models for determining activity coefficient
has been described127. The chemical potentials derived from COSMO-RS simulations were
run in COSMOtherm to determine activity coefficient by the expression:
γis = exp(μis-μii/RT)

(Equation 2.6)

where μis is the chemical potential of the solvent s, and μii is the chemical potential of the
pure compound i.
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For calculating γis at infinite dilution (γ∞), the molar fraction of the solutes (water,
methanol, acetonitrile and ethanol) and DES (solvent) was set to zero and one, respectively,
in the COSMOtherm activity coefficient panel. In this thermodynamic calculation, the
behavior of the limiting pure compound (solute) is fully surrounded by the solvent
molecules. To fully understand the behavior of the choline halides in DES, γ ∞ of water and
methanol in DES were studied. COSMO-RS can account for polarity and hydrogen
bonding in aqueous systems making it a better alternative compared to UNIFAC methods
for predicting activity coefficient127. In view of this, methanol and water were selected as
solutes for studying the behavior of choline halides on activity coefficient. From the results,
the γ∞ of water in [Ch]Cl:acetamide, [Ch]Br:acetamide, and [Ch]I:acetamide, all at 1:2
molar ratio, increased as temperature increases (Fig. 2.18A.). Due to the differences in the
anions, all the DES behave differently with unique γ∞ values.

A)

B)
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C)

E)

D)

F)
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G)

H)

Figure 2.18. Effect of anions on the infinite activity coefficient of solvents in DES. A)
infinite activity coefficient of water in DES using acetamide as HBD; B) infinite activity
coefficient of methanol in DES using acetamide as HBD; C) infinite activity coefficient of
water in DES using urea as HBD; D) infinite activity coefficient of methanol in DES using
urea as HBD; E) infinite activity coefficient of water in DES using ethylene glycol as HBD;
F) infinite activity coefficient of methanol in DES using ethylene glycol as HBD; G)
infinite activity coefficient of water in DES using malonic acid as HBD; H) infinite activity
coefficient of methanol in DES using malonic acid as HBD.

Considering the γ∞ of water in [Ch]Cl/Br/I:acetamide between 25 ℃ to 105 ℃ (Fig.
2.18.), the γ∞ values of [Ch]Cl, [Ch]Br, and the [Ch]I are between 0.142565-1.771202,
0.288727-2.479585, and 0.987586-4.451059, respectively, signifying a higher affinity of
[Ch]Cl:acetamide for water. On the contrary, in methanol, all the DES showed a decrease
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in γ∞ as temperature increases 25 ℃ to 105 ℃. Changing the choline halide in DES affects
the activity coefficient of water and methanol at infinite dilutions. As expected, water has
γ∞ values less than unity in [Ch]I: urea, [Ch]Br:urea, and [Ch]Cl:urea, whereas γ∞ values
of methanol in [Ch]Cl:urea and [Ch]Br:urea is greater than 1 at temperatures ≤ 85 ℃ (Fig.
2.18C and Fig. 2.18D). A similar result was obtained by using [Ch]Cl/Br/I:malonic acid
and [Ch]Cl/Br/I:ethylene glycol. The results indicate that anions significantly alter the
thermodynamic activity coefficient at infinite dilution for both water and methanol in DES.
The differences may be due to the differences in the molecular interaction between the
HBD and the halide acceptor which is attributed to dipoles and hydrogen bonding.

In summary, this chapter shows that changing anions alter the physicochemical
properties of DES due the differences in size and electronegativity. In view of this, the
strength of hydrogen bonding differs resulting to the differences in the melting point
depression. It can be seen that choline bromide can sometimes be used to replace choline
chloride for making DES, however, this is mostly application specific. The combined
experimental methods with COSMO-RS computational simulation shows that anions are
influences the chemical potential and activity coefficient of the DES.
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CHAPTER THREE
SYNTHESIS, CHARACTERIZATION, AND POTENTIAL
APPLICATIONS OF HYDROPHOBIC DES FOR PIPERINE EXTRACTION

3.1. Introduction
Natural products, such as bioactive compounds, from medicinal plants provide
unlimited opportunities for new drugs due to the unmatched availability of chemical
diversity in their extract128. Extraction of the analyte of interest is a critical step in analytical
chemistry before a separation and characterization step is performed. Due to the diverse
polarity range of bioactive compounds, the selection of appropriate solvent system to
extract nonpolar compounds remain a challenge. Most frequently, organic solvents such as
chloroform, dichloromethane, hexane, ethanol, and methanol are used to extract bioactive
compounds from plant materials128. The classical and routine liquid-liquid extraction
(LLE)129 used by most chemists employ organic solvents for separation. Some of the most
used organic solvents are toxic and environmentally unfriendly. The concept of green
chemistry and green solvents is gaining popularity due to the resulting low toxicity and
sustainable nature of the solvent. Deep eutectic solvents are no exception to these new
designer solvents with exceptional tunability and properties. The application of deep
eutectic solvents for LLE and bioactive compounds extraction from diverse matrices have
been reviewed56, 130. To date, nearly all DES synthesized are hydrophilic, and are limited
to the extraction of only polar molecules or metabolites 81. The concept of hydrophobic
DES (HDES) evolved recently by van Osch et al.55 in 2015 when they combined quaternary
ammonium salts (QAS) with decanoic acid. The water-immiscible HDES was applied to
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extract water insoluble volatile organic

compounds (VOCs) with high yield and

efficiency55. Since then, active research is ongoing to investigate how HDES are
synthesized and their application in diverse fields. Some recent applications of HDES
include, but are not limited, to carbon dioxide capture131 and analytical extraction of
pesticides89, bisphenol A88, artemisinin from Artmisia annua leaves84, polyaromatic
hydrocarbons87, synthetic pigments in beverages93, phytocannabinoids97, and polyprenyl
acetates from Ginkgo biloba leaves98. Extraction of bioactive compounds with HDES has
become popular due to the ‘greenness’ of the extraction process, high solvent recovery rate,
and ease approach of tuning the solvents polarity. Some common HBDs used for HDES
synthesis include decanoic acid, hexanoic acid, capric acid, lauric acid, palmitic acid,
stearic acid, dl-menthol, and thymol whereas some common HDAs include N8881-Cl,
N8881-Br, N8888-Br, N8888-Cl, and N4444-Cl88-90, 98. One of the major drawbacks of
HDES is the cost and energy involved in derivatizing the HBA moiety with longer alkyl
groups (C4-C8). Industrially, this make the QAS expensive to buy compared to its organic
solvent competitors.
The objective of this chapter is to design a cost-effective solvent system with
similar chemical and physical properties compared to the already established HDES with
efficiency in extracting bioactive compounds. The newly synthesized HDES consist of
butyric acid (BA), valeric acid (VA), hexanoic acid (HA), and caprylic acid (CA) as
hydrogen bond donors, and choline chloride as hydrogen bond acceptor at 1:2, 1:3, and 1:4
molar ratios. The solvent was further characterized for functional groups using FTIR,
chemical shift by NMR, melting by DSC, viscosity by rheometer, and water activity by
using AquaLab water-activity meter. The resulting HDES was used as an extractive media
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to isolate piperine, a bioactive compound responsible for pungency in black paper, by using
subcritical conditions and microwave-assisted extraction.
Over the past years, piperine has proven to be a potent, naturally occurring alkaloid
with

undisputable therapeutic and health benefits132. A comprehensive review on

piperine’s traditional use in digestion, diabetes, flu, blood purifier, enhancing enzymatic
activity, anti-ulcer, anti-oxidant, diuretic, antimicrobial, and anticarcinogenicity has been
reviewed133-136. As the most abundant bioactive alkaloid in black pepper, the limited
solubility of piperine makes it important to develop a solvent system with tunable solubility
to maximize its extraction. Ionic liquids coupled with ultrasonic-assisted extraction has
been used previously to extract piperine from white pepper137. The challenge is the use of
high power at 500 W and longer extraction time of 30 minutes to attain optimum yield 137.
An ultrasonic-assisted extraction (UAE) extraction at 40 ℃, ultrasonic power of 175 W,
and frequency at 25 kHz for 20 min was found efficient to extract piperine from Piper
longum in acetone (4.53 mg/g), ethanol (4.32 mg/g), and hexane (4.08 mg/g) compared to
1.01 mg/g, 0.98 mg/g and 0.84 mg/g yield obtained in conventional batch system,
respectively138.
Recently, a DES-based pretreatment method was used to enhance microwave
extraction of essential oils from Piper nigrum and white pepper139. The selectivity of
microwave extraction makes it a robust analytical technique which targets analytes based
on their dielectric constant133. Raman et al.140 showed that microwave-assisted extraction
(MAE) of piperine has higher yield in nonpolar solvents than in slightly polar solvents and
has higher purity in petroleum ether (95%) than in dichloromethane (72%) and ethanol
(60%). Due to the significant absorption of microwave radiation by polar solvents, their
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penetration depth becomes smaller to extract piperine compared to nonpolar solvents that
have no interaction with microwave radiations140. Despite the higher yield of piperine in
petroleum ether and toluene, the negative impact on using such environmentally hostile
solvents for extraction is problematic. Other extraction technologies used for piperine
extraction include subcritical fluid extraction (SFE). SFE uses solvents above their
subcritical temperatures and pressures with concurrent enhancement in the fluid
penetration power and mass transfer. For the first time, HDES was applied as an extractive
media for the extraction of piperine from Piper nigrum using MAE and a variant of SFE.
To evaluate the effectiveness of our method, we compared the piperine content from both
peppercorns and ground black pepper.

3.2. Experimental
3.2.1. Chemicals
Choline chloride ([Ch]Cl), butyric acid (BA), hexanoic acid (HA), and caprylic acid
(CA) were all purchased from Acros Organics, and valeric acid (VA) (Alfa Aesar) all had
purity ≥ 99 %. All other chemicals were of analytical grade. Peppercorns and ground
pepper were purchased from Walmart Supercenter, Brookings, SD.
3.2.2. Synthesis of HDES
DES were synthesized by mixing choline chloride and HBDs at 1:2, 1:3, or 1:4
molar ratios and heated at 80 ℃ for 15-30 min under constant stirring at an atmospheric
pressure until a homogenous liquid is obtained. In some cases, HDES was synthesized by
vortexing. The prepared DES were cooled to room temperature and stored in a desiccator
to prevent it from absorbing atmospheric moisture. As shown in Fig. 3.1., the graphical
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representation of the compounds represents their respective surface polarity. For example,
all the HBD (BA, VA, HA, and CA) shows blue color for the hydrogen bonding proton,
red color for the carbonyl (C=O) functional group (this can act as a proton acceptor), and
the green color is the nonpolar region. Similarly, the chloride ion in the choline chloride
(HBA), which act as proton acceptor, is red, whereas the hydroxyl proton is blue. The
longer the alkyl chain length of the HBD, the longer the nonpolar green surface. The
difference in the carbon chain length of the donor molecule is expected to influence the
physical and the chemical nature of the DES synthesized. These HBD were selected for
HDES synthesis because little or no work has been done in literature involving BA, VA,
HA, and CA with [Ch]Cl.

Figure 3.1. Synthesis of HDES by using [Ch]Cl as HBA and butyric, valeric, hexanoic,
and octanoic acid as HBD. HBD graphical representation by Molview and the HBA
graphics was generated by using Cosmotherm.
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3.2.3. Physicochemical properties of HDES
Differential scanning calorimetry (DSC), thermogravimetric analysis (TGA),
Fourier transform infrared (FTIR) spectroscopy, nuclear magnetic resonance (NMR), and
viscosity measurements were done using experimental procedures described in previous
chapters. The octanol-water partition coefficient (Kow) of HDES was measured using the
traditional shake flask method coupled with gravimetric procedures. In this method, the
tested solvent (HDES) is mixed with equal volumes of octanol and water mixture and
shaken until an equilibrium is attained between the two phases141. After phase separation,
the concentration of HDES in each phase was calculated by gravimetric analysis. The water
activity (aw) of HDES and its constituents (HBA and HDB) were measured using the
benchtop 4TE water activity meter (AquaLab. Pullman, WA). The 4TEV meter uses the
chilled-mirror dewpoint technique to measure aw by equilibrating the liquid phase water in
the sample with the vapor phase water in the head-space and measuring the relative
humidity of the head-space (Aqualab 4TE Manual). The meter has thermoelectric
components that help regulate the temperature of the measuring chamber. Unless stated
otherwise, all measurements were done at room temperature. The meter was calibrated with
deionized water (aw = 0.99935) with a coefficient of variation of 0.50%. To prevent linear
offsets and assure data reliability, deionized water calibration was used for periodic
verification. The physicochemical properties measured in this work are listed in Figure 3.2.
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Figure 3.2. HDES physicochemical properties measured.

3.2.4. Extraction of piperine from black pepper
3.2.4.1. Microwave-assisted extraction and Subcritical extraction
HDES-based microwave-assisted extraction (MAE) was performed in a
commercial microwave oven (Advantium 120). Samples (0.1 g) of ground, fresh
peppercorn or ground pepper (0.250 mm mesh size) was added to 20 mL of HDES in the
glass vessel (Fig. 3.3). The mixture was vortexed for 60 sec for mixing. After microwave
irradiation for 3 minutes at 10 MPa, the samples were allowed to cool before liquid-liquid
extraction with ethyl acetate. Under subcritical condition extraction (SCE), same
experimental conditions were used except for performing the reaction in a bioreactor with
the vessel temperature set at 200 ℃ for 20 minutes. Before analysis in HPLC, the ethyl
acetate extract was concentrated through a nitrogen purge. The sample was filtered with a
0.25-μm nylon membrane and spiking with o-terphenol as internal standard. Analysis was
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done in UHPLC (Ultimate 3000 Thermo Fischer UHPLC system) equipped with C18
column and UV/VIS detector at 340 nm. For quantification, all samples and standards were
spiked with 100 μL of 1,000 ppm of o-terphenol internal standard. A gradient elution
(acetonitrile and water mixture for 15 mins) was used as mobile phase. The five different
spiked-standards (1000 ppm, 500 ppm, 250 ppm, 125 ppm, and 62.5 ppm) were injected
(N=3) and the calibration plot of signal ratio verse concentration was plotted.
Chromatogram integration was done in Thermo Scientific Chromeleon software, whereas
data analysis was performed in Origin Pro 18 (OriginLab Massachusetts, USA.) to generate
the regression equation and the coefficient of regression (R 2).

Figure 3.3. A step-by-step procedure for the extraction of piperine from Piper nigrum.
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3.3. Results
3.3.1. Physical properties of HDES
The synthesis of HDES, like DES is very simple and has advantage over ILs since no
purification steps are required. The HDES are mostly clear liquids except the 1:2 molar
ratios which are cloudy and turbid. As indicated in Fig. 3.4A, [Ch]Cl and hexanoic acid
form HDES by heating and stirring. HDES can also be prepared without heating by mixing
and vortexing the constituents (Fig. 3.4B).

A)

B)

Figure 3.4. A) HDES synthesized by heating and stirring by using [Ch]Cl:HA at 1:2, 1:3,
and 1:4 molar ratios. B) HDES synthesized without heating from [Ch]Cl:BA at 1:2 molar
ratio.

3.3.2.Water activity of HDES
Most DES are hygroscopic. If choline chloride forms hydrophobic DES with BA,
VA, HA and CA, it is expected that the free water in the solvent should be minimal. The
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amount of water in every sample can be categorized into two groups, namely, water content
and water activity. Water content, or moisture, is a quantitative measure of the total amount
of water in a sample, whereas water activity (aw) measures the thermodynamic energy
status or free water available in the solvent. The latter is a reliable physiochemical indicator
for predicting the feasibility of using DES for chemical, enzymatic, and microbial
studies142. Thus, an increased lipase activity was observed in [Ch]Cl:urea when the a w
increased from less than 0.02 to 0.15143. The aw of the newly synthesized HDES was
measured and compared to the aw of the individual components in the eutectic mixture. As
shown in Fig 3.5., the aw of butyric acid is less than 0.02, whereas VA, HA, and CA have
aw of 0.1564 ± 0.0036, 0.170233 ± 0.0020, and 0.374333 ± 0.0078, respectively.
As the alkyl chain length of the HBD increases, the a w increases because water does
not mix nor interact with the HBD making it available for detection. The HBA, choline
chloride, has a water activity of 0.2275 ± 0.00042. From the results, HDES formed from
HBA and HBD does not make the resulting solvents water activity additive. The
involvement of some water molecules in hydrogen bonding may account for the
nonadditive behavior of the HDES water activity. In theory, the hydrogen-bonded water
molecules cannot evaporate and thus make head-space measurements impossible. The
[Ch]Cl:BA HDES had the lowest aw whereas [Ch]Cl:CA HDES had the highest aw. The
results depict that water activity increases as the hydrophobicity of the HDES increases
because the available free water does not interact with the hydrophobic alkyl chain length.
In general, the synthesized HDES has low water activity. As recently reported73, thirteen
different DES studied at 40 ℃ showed water activity values between 0.116 to 0.662. The
newly synthesized DES have water activity values less than 0.26, which is desirable for

83

diverse applications in enzyme catalysis and other biochemical applications at low acidic
environments.

Figure 3.5. Thermodynamic water activity of carboxylic acid-based DES.

3.3.3. Thermal stability and water content
Fig. 3.8A-D and Fig. 3.9A-D represent the TGA and differential thermogravimetric
(DTG) analysis for HDES and its constituents. Table 3.1. summarizes the temperature at
which 50% of the HDES weight is lost (T 1/2). The T1/2 for all the HBD is lower than their
corresponding eutectic mixtures. The T1/2 for [Ch]Cl:BA 1:2, [Ch]Cl:VA 1:2,

and

[Ch]Cl:HA 1:2 are 160.1 ℃, 210.2 ℃, and 238.6 ℃, respectively, thus higher than 115.3
℃ of butyric acid, 135.7 ℃ of valeric acid, and 148.5 ℃ of hexanoic acid. The only
exception is [Ch]Cl:CA 1:2 HDES which has lower T 1/2 (172.9 ℃) compared to caprylic
acid, with T1/2 of 193.9 ℃. The increased T1/2 of most HDES is a qualitative indicator of
the strong intermolecular interactions occurring with concomitant increase in thermal
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stability. Hydrogen bonding is a major intermolecular force which contributes to DES
thermal stability. Fig. 3.6. shows the DTA plot of [Ch]Cl with two peaks between 67 ℃ to
103 ℃ and 292 ℃ to 339 ℃ with the former representing water loss and the later as [Ch]Cl
decomposition temperature. The decomposition temperature of solvents is a significant
thermal parameter used to determine the temperature ranges at which the solvent remains
liquid for various applications40.

Figure 3.6. Differential thermal analysis of choline chloride.

The decomposition temperature of the HBD increases as the alkyl chain length
increases. As shown on the DTG thermograph (Fig. 3.7.), the presence of water in the
HBD makes the water decompose simultaneously with the acid resulting in the broad
decomposition profile observed. The onset decomposition temperature of most HDES lies
between the constituents, except for [Ch]Cl:CA 1:2. From the TGA and DTG thermograms
(Fig. 3.8 and Fig. 3.9), almost all HDES show three mass-loss steps; (1) loss of water and
weakly interacted HBD, (2) the HDES, and (3) [Ch]Cl.
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Figure 3.7. DTG analysis of hydrogen-bond donors used for HDES synthesis.

The DTG plot of [Ch]Cl:HA 1:2 shows water loss of from 65 ℃ to 118 ℃ followed
by decomposition of the HDES at an onset temperature of 183 ℃ to an endset temperature
of 240 ℃. At the first decomposition cycle, the [Ch]Cl:HA 1:3 loses 46% of the solvent at
165 ℃ whereas the [Ch]Cl:HA 1:4 loses 82% at 175 ℃. The high weight loss can be
attributed to the loss of hexanoic acid and water. At 247 ℃, [Ch]Cl:HA 1:2 still had about
43 w.% of the solvent remaining. The high thermal properties of [Ch]Cl:HA 1:2 can be
attributed to the strong intermolecular forces occurring within the solvent and confirms its
eutectic nature compared to similar HDES with 1:3 and 1:4 molar ratios. After the loss of
water from the [Ch]Cl:BA 1:2 HDES, the decomposition endset is approximately 190 ℃.
Likewise, the [Ch]Cl:VA 1:2 shows water loss between 60-122 ℃ and decompose from
150 ℃ to 208 ℃.
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Table 3.1. Temperature of HDES at half decomposition
HDES
[Ch]Cl:BA
[Ch]Cl:BA
[Ch]Cl:BA
[Ch]Cl:VA
[Ch]Cl:VA
[Ch]Cl:VA
[Ch]Cl:HA
[Ch]Cl:HA
[Ch]Cl:HA
[Ch]Cl:CA
[Ch]Cl:CA
[Ch]Cl:CA

Mole ratio
1:2
1:3
1:4
1:2
1:3
1:4
1:2
1:3
1:4
1:2
1:3
1:4

T1/2 (℃)
160.1
168.2
147.2
210.2
181.7
168.2
238.6
184.4
156.7
172.9
193.9
193.9

Constituents
BA
VA
HA
CA
[Ch]Cl

T1/2 (℃)
115.3
135.7
148.5
193.9
326.7

The thermal properties of [Ch]Cl:BA like any other eutectic mixture is a result of
the contributing effects from the individual constituents. Choline chloride does not
associate strongly with caprylic acid (1:2) leading to its lowered thermal stability. The high
thermal stability of [Ch]Cl with BA, VA, and HA at 1:2 molar ratio (as evidenced in the
TGA and DTG plots), is due to hydrogen bonding occurring between the donor and the
acceptor. The high decomposition rate (high peak) associated HDES with 1:3 and 1:4 molar
ratio even at low temperatures might be due to the excess donor molecules present which
do not interact with limiting acceptor molecules.
Thus, the HBD interacts weakly with [Ch]Cl at 1:3 and 1:4 molar ratios and supports earlier
assertions that DES formation and properties are strictly affected by the molar ratio of the
constituent materials.
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A)

C)

B)

D)

Figure 3.8. Thermogravimetric plots of different HDES. A) [Ch]Cl:BA, B) [Ch]Cl:VA,
C) [Ch]Cl:HA, and D) [Ch]Cl:CA.
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A)

B)

C)

D)

Figure 3.9. Differential thermogravimetric plots of HDES. A) [Ch]Cl:BA, B)
[Ch]Cl:VA, C) [Ch]Cl:HA, and D) [Ch]Cl:CA
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3.3.4. Melting point
Like ionic liquids, the depression of DES melting point is as a result of the
interaction between the quaternary ammonium salt and the HBD. This interaction changes
the lattice energy and entropy of both the donor and the acceptor molecules 47. Specifically,
the halide anion of choline chloride interacts with protons of the donor molecule through
hydrogen bonding. Table 3.2 shows the melting point of the HBD as -8.13℃, -35.24℃, 6.13 ℃, and 16.53℃, respectively, for BA, VA, HA, and CA. The melting point of the
HBD correspond to values provided on the safety data sheet by the vendors and validates
the reliability of our DSC machine. The [Ch]Cl:BA HDES has a melting point of -17.96
℃, -20.21 ℃, and -13.15 ℃ at 1:2, 1:3, and 1:4 molar ratios, respectively. The depression
in the melting point is an indication of the mixture’s eutectic nature.
Table 3.2. Melting point and latent heat of fusion of HDES.
HBD and
DES
Butyric Acid
[Ch]Cl:BA
[Ch]Cl:BA
[Ch]Cl:BA

Latent heat of
fusion (J/g)
112.9
71.72
40.06
74.79

Tg/Tc

1:2
1:3
1:4

Tm
(℃)
-8.13
-17.96
-20.21
-13.15

1:2
1:3
1:4

-35.24
-35.31
-34.96
-34.89

103.7
50.51
72.41
63.08

Tc= -72.09
Tc= -67.12

Hexanoic acid
[Ch]Cl:HA
[Ch]Cl:HA
[Ch]Cl:HA

1:2
1:3
1:4

-6.13
-5.45
-5.36
-5.71

126.5
117.95
124.5
118.9

-

Octanoic Acid
[Ch]Cl:CA
[Ch]Cl:CA
[Ch]Cl:CA

1:2
1:3
1:4

16.53
14.39
16.96
17.91

93.06
80.30
101.3
104.5

Tg= 2.72
Tg= 5.84
Tg= 6.05

Valeric Acid
[Ch]Cl:VA
[Ch]Cl:VA
[Ch]Cl:VA

Mole
ratio

Tg= -48.16
Tc= -65.92
Tg= -48.30
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Hydrogen bonding and charge transfer between the donor and the acceptor might
be the contributing factor for this melting depression. The difference in melting
temperature at different molar ratios make DES an ideal solvent whose physical and
chemical property can be easily tuned to suit diverse applications. Although, [Ch]Cl:VA
1:2 and [Ch]Cl:HA 1:2 did not change significantly in melting temperature from the donor,
however, the mixture forms a eutectic solvent. The formation of a eutectic mixture lowers
the heat of fusion of the HDES. The heat of fusion decreased from 112.9 J/g in butyric
acid to 71.7 J/g in [Ch]Cl:BA 1:2. Conversely, [Ch]Cl:CA 1:3 and [Ch]Cl:CA 1:4 neither
decreased its melting point nor lowered in latent heat of fusion. This is a good indication
that caprylic acid at higher molar ratios with [Ch]Cl do not form a eutectic mixture.

3.3.5. Viscosity
One of the key attributes of DES is their high viscosity at lower temperatures which
drops as temperature increases. The viscosity of the HDES was measured first at ambient
temperature, presented in Table 3.3. Mostly, 1:2 molar ratio of HDES has high viscosity
due to hydrogen bonding and van der Waal interactions. The differences in the alkyl chain
length of the HBD might also account for the viscosity differences. The viscosity at 25 ℃
of [Ch]Cl:BA 1:2 is 1757 ± 14 cP, [Ch]Cl:BA 1:3 is 54.1 ± 3.5 cP and [Ch]Cl:BA 1:4 is
13.3 ± 1.8 cP. The drastic change in viscosity shows that selecting the appropriate molar
ratio is critical to DES formation and affects the physiochemical properties of the resulting
solvent. Pertinent to HDES industrial applicability, it is inevitable to study how shear rate
and temperature affects characteristics of the solvent.
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The effect of shear rate and temperature was measured by following the Arrhenius-type
equation to calculate the activation energy, preexponential factor and the correlation
regression of selected HDES (Fig.3.10.).
Irrespective of shear rate increase from 1.50 to 3.75 sec, the activation energy and
the preexponential factor of [Ch]Cl:BA 1:3 averaged at -30.5 ± 0.23 kJ/mol and -8.62 ±
0.08 mPa.s, respectively (Table 3.4.). The activation energy in [Ch]Cl:BA (1:3) is lower
than [Ch]Cl:VA (1:3) which might be due to the alkyl chain length and increased
interactions in the HBD (valeric acid). As the activation energy of the DES increases, the
preexponential factor also increases. The highest Ea (-75.5 kJ/mol) value was attained at a
shear rate of 0.75 s for [Ch]Cl:VA (1:3) with preexponential value of -26.7 mPa.s and R2
= 0.936.

Table 3.3. Viscosity of HDES at 25 ℃.
DES
[Ch]Cl:BA
[Ch]Cl:BA
[Ch]Cl:BA
[Ch]Cl:VA
[Ch]Cl:VA
[Ch]Cl:VA
[Ch]Cl:HA
[Ch]Cl:HA
[Ch]Cl:HA
[Ch]Cl:CA
[Ch]Cl:CA
[Ch]Cl:CA

Mole ratio
1:2
1:3
1:4
1:2
1:3
1:4
1:2
1:3
1:4
1:2
1:3
1:4

Viscosity (cP)
1757 ± 14
54.1±3.5
13.3 ± 1.8
1497 ± 41
44.5 ± 11
36.8 ± 5.3
1778.7 ± 84
1563 ± 79
1808.5 ± 18
1594.7 ± 31
1561.3 ± 70
1723.7 ± 89
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Table 3.4. Activation energy and preexponential factor of HDES at different shear rates.
Shear rate
[Ch]Cl:BA (1:3)
0.75 SR
1.50 SR
2.25 SR
3.00 SR
3.75 SR
[Ch]Cl:BA (1:4)
0.75 SR
1.50 SR
2.25 SR
3.00 SR
3.75 SR
[Ch]Cl:VA (1:3)
0.75 SR
1.50 SR
2.25 SR
3.00 SR
3.75 SR
[Ch]Cl:VA (1:4)
0.75 SR
1.50 SR
2.25 SR
3.00 SR
3.75 SR

Eab(kJ/mol)

InAs(mPa.s)

R2

-33.611
-30.443
-30.829
-30.559
-30.293

-9.777
-8.655
-8.698
-8.620
-8.503

0.9634
0.9934
0.9849
0.9961
0.9981

-41.405
-48.302
-35.815
-29.771
-30.323

-13.830
-16.659
-11.495
-9.0603
-9.2827

0.9506
0.9698
0.9436
0.9994
0.9883

-56.931
-51.939
-67.941
-60.228
-33.378

-18.968
-16.975
-22.871
-19.826
-9.7392

0.9442
0.9449
0.7750
0.7720
0.9858

-39.155
-38.666
-34.494
-33.130
-32.094

-12.408
-12.232
-10.531
-9.9884
-9.5586

0.9295
0.9100
0.9301
0.9556
0.9751
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A) [Ch]Cl:BA 1:3

C) [Ch]Cl:VA 1:3

B) [Ch]Cl:BA 1:4

D) [Ch]Cl:VA 1:4

Figure 3.10. Arrhenius-type plot of HDES from 288.15 K to 328.15 K.
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3.3.6. FTIR and Chemometrics
As a newly synthesized solvent, the composition mechanism and chemical
structures of HDES are still unknown and hence investigated in this study. From the results,
HDES contain peaks from both the donor and the acceptor. A characteristic carbonyl
(C=O) peak can be seen at 1707 cm-1 to 1716 cm-1 from the donor and an ammonium peak
between 951 cm-1 to 953 cm-1 from the acceptor. From Fig. 3.11. to Fig. 3.14., all the
HDES show a C-H stretching band between 3000 and 2800 cm -1 for CH3 and CH2 alkane
groups. Most of the HDES at a 1:2 molar ratio show increased O-H stretching between
3200 and 3500 cm-1 than their corresponding 1:3 and 1:4 molar ratios. A new peak at 1176
cm-1 to 1187 cm-1 can be attributed to C-O stretching possibly due to ester impurities. The
C-N stretching band in [Ch]Cl might be a possible cause for the vibration at 1083 cm-1.
The fingerprint region and the O-H stretching band of HDES at 1:4 molar ratio
appears similar to the corresponding HBD. Thus, it becomes a challenge to pinpoint the
dissimilarities on the spectra, especially at the fingerprint region. Also, whenever a new
solvent is synthesized, FTIR has become a robust technique to quickly assay structural
composition prior to using other expensive analytical instrumentations like NMR, x-ray
crystallography, and atomic spectroscopy for structural analysis. Some of these analytical
testing involves skilled personnel to operate the instrument. It however becomes imperative
to devise a simple way to interpret the closely related fingerprint region of the FTIR spectra.
To investigate whether butyric acid, valeric acid, hexanoic acid, and caprylic acid indeed
formed HDES with choline chloride, and to fully interpret the fingerprint and O-H region
of the spectra, we employed computational statistical methods to our chemical data by a
process called chemometrics.
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Chemometrics is the science of extracting data obtained from analytical chemical
systems by using mathematical and statistical algorithms. Through multivariate
unsupervised principle component analysis (PCA), we performed a chemometric analysis
of FTIR data obtained from different HDES systems to study patterns and relationships
with already known DES in literature. PCA reduces the dimensionality of a complex
original data set and allows investigation into the relationship of the new variables known
as Principal Components (PC’s)144. PCAs find patterns in a complex data set without prior
knowledge about the sample history. Mathematically, PC’s are calculated by the linear
combination of variables that maximize variance 145. The first, second, and subsequent PC’s
minimize the perpendicular distance between the original data and are uncorrelated144. Due
to this, PC’s are geometrically orthogonal with the first two PC’s explaining the variance
of the majority of the original data. The graphical output called the score plot group similar
items in a cluster whereas dissimilar items are positioned in some distance away.
In order to explore how HDES relate to already known DES, we performed PCA
analysis of FTIR data obtained by different eutectic systems using the fingerprint
wavelength region between 650 cm-1 to 1000 cm-1 and the hydrogen bonding region from
3100 cm-1 to 3600 cm-1. These regions were selected for chemometrics because it captures
several DES characteristic peaks and has the unique ammonium identity peak and the
hydroxyl peak around 950-953 cm-1 and 3200-3500 cm-1, respectively. The first derivative
normalization data pretreatment was used to correct baseline shifts prior to importing the
values into JMP 14 (SAS Institute Inc.) for analysis (Fig. 3.15.).
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Figure 3.11. FTIR spectra of [Ch]Cl and butyric acid HDES at different molar ratios.

Figure 3.12. FTIR spectra of [Ch]Cl and valeric acid HDES at different molar ratios.
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Figure 3.13. FTIR spectra of [Ch]Cl and hexanoic acid HDES at different molar ratios.

Figure 3.14. FTIR spectra of [Ch]Cl and caprylic acid HDES at different molar ratios.
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Figure 3.15. Pretreatment of HDES FTIR spectra by first derivative.

3.3.6.1. Fingerprint region of the DES
From Fig. 3.16., PC1 and PC2 accounts for 68.5 % of the total variation in the
original data set. All the variables correlate positively with the first principal component
(PC1) except urea. As shown on the score plot, the hydrogen-bond donors (blue dot) cluster
together in the positive quadrant (except urea) of the PC2 together with some HDES
(encircled in green). Conversely, choline chloride (red dot), [Ch]Cl:urea, [Ch]Cl:malic
acid, and [Ch]Cl:malonic acid cluster with some HDES (encircled in blue) in the positive
quadrant of PC1. Interestingly, both PC1 and PC2 showed negative correlation with urea.
The close location of some HDES to the acidic HBD and some together with the HBA
introduced the question as to which wavelengths the PCA uses to maximize variability or
discriminate between variables. This was answered by plotting the first and second
principal components against wavelength as shown in Fig. 3.17.
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Figure 3.16. PCA plot of HDES and its constituents

From the results, the ammonium identity peak at 952 cm-1 and the carboxylic peak
at 728 cm-1 was used by PC1 and PC2, respectively, to determine variability in the
fingerprint region. This explains why urea correlates negatively with both PC1 and PC2
due to the absence of both wavelengths in pure urea. Also, the prepared HDES share similar
ammonium characteristics with known DES such as [Ch]Cl:malic acid, [Ch]Cl:malonic
acid, and [Ch]Cl:urea. The HDES encircled in green have more of the carboxylic identity
peak than the ammonium identity peak signifying their high acidic content. In a broader
perspective, chemometrics can be extended to characterize and group similar solvents and
other materials. Most at times, FTIR spectra of DES appear similar to the spectra of the

100

HBD, however, these results give further insight about the contribution of the HBA to the
fingerprint region. The BA and VA-based HDES synthesized have ammonium identity
peak similar to those in [Ch]Cl:malic acid, [Ch]Cl:malonic acid, and [Ch]Cl:urea. On the
contrary, the chemometric analysis showed that hexanoic acid and caprylic acid acid-based
HDES cluster away from the ammonium identity peak and behave more like an acid or a
donor. Although, the FTIR data and PCA analysis indicate high acidity of some HDES,
hence, the need for other techniques to confirm the results.

3.3.6.2. Hydrogen bonding
To validate our FTIR chemometric results, we expanded our study to the hydrogenbonding region of the spectra. Since DES is defined on the basis of intermolecular
interactions via hydrogen bonding between the donor and the acceptor molecules, our
expectation is that solvents with similar hydrogen bonds between 3500 cm-1 and 3100 cm1

will cluster. Interestingly, in Fig. 3.18., all the HBD (colored in blue) clustered in one

quadrant with the exception of malic acid and urea.
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Figure 3.17. Plot of first and second principal components against wavelength .

The extra hydroxyl (-OH) group of malic acid make it more susceptible to form
hydrogen bond compared to other acids studied. The [Ch]Cl:VA 1:2 although possessing
high ammonium identity peak, clusters close to the acids which might be attributed to
minimal hydroxyl stretching bands. [Ch]Cl:malic acid and [Ch]Cl:malonic acid cluster in
the same quadrat; nonetheless, the different locations of these DES on the score plot
confirms the difference in the hydrogen-bonding behavior in the O-H stretching region.
Apart from [Ch]Cl:BA and [Ch]Cl:HA 1:4 that appeared at the same location on the score
plot, all the other HDES shows different O-H stretching profile. Our results indicate that
a simple, robust, and cost effective FTIR chemometrics is a faster approach to study new
solvent systems and evaluate their relationships based on hydrogen-bonding.
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Figure 3.18. PCA plot of DES and HDES by using the hydrogen bonding region
(3500 cm-1 and 3100 cm-1) of the FTIR spectra.

3.3.7. 1H NMR characterization
The interaction between choline chloride and butyric acid, valeric acid, hexanoic
acid, and caprylic acid were characterized using 1H NMR. The HDES shows a reduction
in water content (chemical shift at 2.5 ppm) compared to the individual constituents
confirming our water activity and TGA results. From Fig. 3.19., it can be seen that the DES
experience chemical shift when the donor and the acceptor groups interact. Table 3.5 gives
the chemical shift of HDES. A shift in 1H NMR signal to the lower field as observed in 1:2
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and 1:3 molar ratios of most HDES is an evidence of the presence of hydrogen bonding38.
Although the chemical shift in HDES do not change significantly from the constituents,
however, the interaction between the donor and the acceptor molecules caused a reduction
in the intensity of the methylene protons on choline chloride. Moreover, the loss of the
hydroxyl proton (-OH) on both the donor and the acceptor molecules in the HDES confirms
interaction between the two. The question as to whether an ester bond is formed by mixing
carboxylic acids with [Ch]Cl resurface here.
Recently, Florindo et al.40 showed the formation of ester impurities by mixing and
heating cholinium cation and glutaric acid. Although our FTIR analysis showed a unique
C-O stretching between 1176 cm-1 to 1187 cm-1 , we confirmed ester impurities formation
by mixing raw materials with heating. A choline chloride and butyric acid HDES (1:2) was
prepared without heating the components. An NMR spectrum of the resulting HDES shows
a proton at 12 ppm, a characteristic carboxylic proton which is absent in the heated HDES
samples. The results corroborate ester formation during the heating process, hence a
controlled system should be instituted when synthesizing DES from an acid and QAS.
Florindo et al.40 showed that an absolute deviation of 6.25% and 0.15% in viscosity and
density values, respectively, between the heated and nonheated DES. The minimal ester
impurity does not undermine the applicability of the eutectic mixture for its intended
application for extracting bioactive compounds from Piper nigrum.
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Figure 3.19. Stacked 1H NMR of HDES and their constituents.
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Stacked H NMR of HDES with its constituents cont’d.
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Table 3.5. 1H NMR chemical shift of HDES and its constituents.
1:2
1:3
Proton
BA and [Ch]Cl [Ch]Cl:2BA [Ch]Cl:BA
1
0.88
0.88
0.87
2
1.51
1.51
1.50
3
2.18
2.18
2.18
4
11.97
5
5.66
6
3.82
3.83
3.83
7
3.44
3.43
3.41
8,9,10
3.15
3.14
3.13
Proton
VA and [Ch]Cl [Ch]Cl:VA [Ch]Cl:VA
1
0.87
0.85
0.86
2
1.29
1.29
1.31
3
1.48
1.45
1.49
4
2.19
2.22
2.22
5
11.96
6
5.66
7
3.82
3.82
3.84
8
3.44
3.43
3.43
9,10,11
3.15
3.14
3.13
Proton
HA and [Ch]Cl [Ch]Cl:HA [Ch]Cl:HA
1
0.862
0.861
2, 3
1.259
1.260
4
1.493
1.497
5
2.199
2.190
6
7
8
3.837
3.831
9
3.444
3.457
10,11,12
3.160
3.163
Proton
CA and [Ch]Cl [Ch]Cl:CA [Ch]Cl:CA
1
0.87
0.86
0.86
2,3,4,5
1.29
1.26
1.26
6
1.48
1.49
1.48
7
2.19
2.19
2.18
8
11.96
9
5.66
-10
3.82
3.83
3.83
11
3.44
3.40
3.42
12,13,14
3.15
3.12
3.13

1:4
[Ch]Cl:BA
0.87
1.51
2.18
3.83
3.42
3.14
[Ch]Cl:VA
0.86
1.31
1.49
2.19
3.83
3.44
3.14
[Ch]Cl:HA
[Ch]Cl:CA
0.86
1.26
1.49
2.19
11.97
3.83
3.38
3.11
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3.3.8. Piperine extraction
The amount of piperine extracted from both ground pepper and peppercorns by
using microwave-assisted (MAE) and subcritical (SCE) extractions were evaluated. The
chemical structure of piperine (Fig. 3.20), calibration curve by using o-terphenol as internal
standard (Fig. 3.21), and chromatogram of standard piperine (Fig. 3.22) with retention time
of 7.023 min is shown. The previous studies evidenced that different HDES possesses
unique physicochemical properties and is expected that these properties would influence
the extracting efficiency of piperine from their matrix. Thus, we selected [Ch]Cl:BA 1:2,
[Ch]Cl:VA 1:2 and [Ch]Cl:CA 1:2 to test their efficacy in extracting piperine by employing
MAE and SCE. The crude extract in ethyl acetate is shown in Fig. 3.23. As shown in Fig.
3.24., the HDES was able to extract piperine from Piper nigrum at different yields. In
general, the piperine content in peppercorns was higher than in ground pepper irrespective
of the HDES and the extraction technique used. The low piperine content in ground black
pepper can be attributed to excessive grinding during processing. The average piperine
content in ground pepper was 19.9 ± 4.9 mg/g and 14.9 ± 8.7 mg/g, respectively, for SCE
and MAE. Comparatively, an average piperine content of 25.8 ± 2.1 mg/g and 26.3 ± 7.2
mg/g were found in peppercorns, respectively, for SCE and MAE. As expected, different
HDES extracted piperine at different amounts. The [Ch]Cl:BA 1:2 extracted 34.6 mg/g of
piperine compared to 50.78 mg/g reported to be in the fruit of Piper nigrum146-147. The
lowered piperine content in may be attributed to the use of ethyl acetate for liquid-liquid
extraction (LLE) rather than using a slightly polar solvent. The octanol/water partition
coefficient (logKow) of ethyl acetate is 0.73 whereas logKow of [Ch]Cl:BA is 0.79,
[Ch]Cl:VA is 1.39 and [Ch]Cl:CA is 3.05. The partitioning of piperine into ethyl acetate
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might account for the lower yield obtained. Statistically, at the 95% confidence interval,
no significant difference exists between the different DES systems efficiency in extracting
piperine from Piper nigrum. However, the increased hydrophobicity of [Ch]Cl:CA 1:2 may
account for the lowered piperine yield from ground pepper.

Figure 3.20. Chemical structure of piperine.

Figure 3.21. Calibration curve for piperine.
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Figure 3.22. UHPLC chromatogram of piperine.

A) Extract from MAE

B) Extract from SCE

Figure 3.23. Liquid-liquid extract of piperine in ethyl acetate.
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A) Piperine content from MAE

B) Piperine content from SCE

Figure 3.24. Piperine content in black pepper extracted with HDES.

Although, both MAE and SCE shows no statistical difference in yield, MAE is a
preferred choice for subsequent piperine extraction and optimization process due to the
short extraction time (3 min) as compared to 10 min for SCE. In summary, HDES was
able to extract a moderately polar analyte, piperine, from Piper nigrum with excellent yield.
Optimization of the process by using a more polar solvent like methanol for LLE may
enhance piperine yield. In here, we have synthesized and characterized a new hydrophobic
DES with tunable chemical and physical properties and was applied to extract bioactive
compound, piperine, from black pepper.
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CHAPTER FOUR
ELECTRONIC AND MOLECULAR PROPERTIES OF HYDROPHOBIC
DEEP EUTECTIC SOLVENTS

4.1. Introduction
Deep eutectic solvents (DES) are new generation of designer solvents alternative
to ionic liquids35-36. The term was first introduced by Abbott and his co-workers by mixing

choline chloride and urea (1:2 molar ratio), with depressed melting point compared to the
individual components35-36. The formation of DES simply involves the combination of a
salt acting as a hydrogen bond acceptor (HBA) with a hydrogen bond donor (HBD) in the
correct molar ratio until the eutectic point is reached. The driving force for the eutectic
point between HBA and HBD is hydrogen bond interaction between the chloride anion and
the HBD, resulting in charge delocalization 35,
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. Since its inception in 2001, many

independent researchers have worked with different HBAs and HBDs to understand the
nature, physicochemical, and thermophysical properties of the solvent 38, 52, 148. Choline
chloride, [Ch]Cl, remains the most used salt for DES formation due to its low cost, low
toxicity, biodegradability, and biocompatibility, while commonly used HBDs include urea,
alcohols, sugars, amides, amino acids, and carboxylic acids74.

Carboxylic acid-based DES have recently attracted attention due to their
uniqueness in analytical extraction41, 47, organic synthesis39, electrochemistry148, and as
pharmaceutical ingredients149. Commonly used monocarboxylic and dicarboxylic acids in
DES include, but not limited to, acetic acid, oxalic acid, malonic acid, malic acid, maleic
acid, levulinic acid, and citric acid40, 150. Recently, a hydrophobic DES was synthesized
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from decanoic acid and quaternary ammonium salts and was reported to have higher
extraction efficiencies for volatile organic compounds (VOCs) 55.

Despite numerous physicochemical and thermochemical data on different
carboxylic acid-based DES, little or no attempt has been made to understand the electronic
and molecular properties of these eutectic systems. Abbott et al.

36

inferred that two

carboxylic acids might be required to complex each chloride anion for eutectic point to be
reached. After a decade of this speculation, detailed molecular explanations on how this
complexation occur with respect to the DES frontier molecular orbitals on chemical
potential, electronegativity, and charge transfer (CT) is still missing in literature.

In this work, different molar combinations of choline chloride salt with
butyric acid (BA), valeric acid (VA), and caprylic acids (CA) were studied. These HBDs
were selected not only because it has not been thoroughly investigated in the literature, but
also to tailor the polarity of the formed DES. To date, most DES have been hydrophilic,
hence studying the electronic properties of fatty acid-based DES would be the first of its
kind. The longest-wavelength intermolecular charge transfer polarity scale by Kosower 151
was normalized by Nile red (NR) dye to determine electron transition (ET or Z) (equation
4.1). The Kamlet-Taft multiparameter linear polarity parameters (hydrogen bonding
acidity; α, hydrogen bonding basicity; β, and dipolarity/polarizability; π*) 152-153 were
determined using 4-nitroaniline (4NA) and N, N-diethyl-4-nitroaniline (DENA) as
solvatochromic probes. ET (NR) response in kcal.mol-1, α, and β values of the newly formed
carboxylic acid based-DES were calculated using the equations below (equations 4.2, 4.3,
and 4.4) with ʋ referring to the wavenumber.
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ET (NR) kcal.mol-1= 28591.44/ λmax (nm)

(Equation 4.1)

α = 0.0649 ET (NR) – 2.03 – 0.72 π*

(Equation 4.2)

β = (1.035 ʋDENA + 2.64 – ʋ4NA)/ 2.80

(Equation 4.3)

π* = 0.314 (27.52 – ʋDENA)

(Equation 4.4)

To fully understand charge transfer, dipole moments, chemical potential, electron
affinity, electronegativity, and ionization potential of the eutectic mixtures, density
functional theory (DFT) employing a hybrid density functional model (B3LYP) at 6-312
(d) basis set was used to study the frontier molecular orbitals (FMOs) of the HBA, HBDs,
and the DES. The FMOs are known molecular orbitals useful in chemical reactions and
have been used by several researchers to study reactivity and stability of mixtures 154-157. In
this study, we combined experimental approach by solvatochromic molecular probes and
computational models to explore how HBA and HBD behave during DES formation, and
correlate empirical polarity indices with DFT.

4.2. Experimental
4.2.1. Chemicals
Choline chloride, butyric acid, caprylic acid, Nile red, and 4-nitroaniline were all
purchased from Acros Organics and had a purity of ≥ 99%. Valeric acid (purity ≥ 99, Alfa
Aesar) and N, N-diethyl-4-nitroaniline (Frinton Laboratories, Inc.) were used. All other
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chemicals were of analytical grade.

4.2.2. Synthesis of DES
DES were synthesized by mixing choline chloride and HBDs at 1:2 or 1:3 molar
ratios and heated at 80 ℃ for 15-30 min under constant stirring at an atmospheric pressure
until a homogenous liquid was obtained. The prepared HDES were cooled to room
temperature and stored in a desiccator.

4.2.3. Solvatochromic assay
A UV-Vis spectrophotometer (Synergy|H1 microplate reader, Biotek) was used to
determine the maximum absorption wavelength (λmax) from the absorption spectra.
Absorbance readings were collected by spectral scanning of DES in Nile red (400-650 nm),
N, N-diethyl-4-nitroaniline (300-450 nm), and 4-nitroaniline (300-450 nm) at 1-nm
intervals in triplicate. The working concentration for all the solvatochromic probes was
kept as low as 0.5 × 10-4 M in order to neglect solute-solute interaction in the observed
solvent effect158. The effect of temperature on electron transition in the probes and on
Kamlet-Taft parameters were obtained from 25-45 ± 0.2 ℃.

4.2.4. Computational
Quantum theoretical calculations were performed with Gaussian 09 software
package159 to investigate the electronic properties of HBA, HBDs, and DES. Gas-phase
equilibrium geometries were fully optimized and vibrational frequencies were calculated
with DFT/B3LYP; a hybrid of Beck’s three-parameter exchange functional160 and LeeYang-Parr correlation functional161 with 6-31G (d) basis set. DFT/B3LYP makes
correction for both gradient and exchange correlations and provide qualitative results with
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comparable accuracy to ab initio methods at reduced CPU time. The global minima on the
potential energy surface was confirmed by the absence of negative frequencies. The
molecular orbital calculations were executed with same computational methods and basis
sets at 298 K to obtain the highest occupied and lowest unoccupied molecular orbital
energies (HOMO and LUMO), based on the optimized structures of HBA, HBDs, and
DES. The chemical potential (μ), electronegativity (χ), global hardness (η), chemical
softness (S), charge transfer (ΔN), and reaction energy (ΔE) were calculated.

4.3. Results and discussion
4.3.1. Physical characterization of DES
Several carboxylic acid-based DES have been reported in the literature, but data on
the electronic properties of these solvents are missing. Also, no work has been done to
elucidate how an increased hydrocarbon chain of fatty acids affect the molecular and
electronic properties of DES. In this work, three HBDs (fatty acids) were selected to tailor
the nature of the DES by increasing the alkyl chain length. Butyric acid (BA), valeric acid
(VA), and caprylic acid (CA) are cheap, readily available, biodegradable, and nontoxic
making them excellent HBDs for this research. From Table 4.1, DES formed by 1:3 molar
ratio (HBA to HBD) are transparent liquids at room temperature except [Ch]Cl:CA 1:2
which shows cloudiness even at 1:2 molar ratio. The high viscosity of DES [Ch]Cl:BA 1:2,
[Ch]Cl:VA 1:2, and [Ch]Cl:CA 1:2 are partly due to high charge transfer and strong
hydrogen bonding between the cation and the chloride anion.
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Table 4.1. Physical characterization of synthesized DES
HDES
Choline chloride:
Butyric acid
Choline chloride:
Valeric acid
Choline chloride:
Caprylic acid

Acronym
[Ch]Cl:BA
[Ch]Cl:VA
[Ch]Cl:CA

Physical characterization at room temperature
molar ratio 1:2
molar ratio 1:3
viscous (high), white cloudy
white transparent liquid,
viscous (medium)
viscous (high), white cloudy
white transparent liquid,
viscous (medium)
viscous (very high), whiteviscous (very high),
yellowish
white-yellowish

4.3.2. Solvatochromism
4.3.2.1. Electron transition (ET) between solvent and solute interaction
Solvatochromism, due to its simplicity, remains the most widely used method for
studying empirical solvent properties through charge transfer (CT) from donor to acceptor
molecules. The use of 96-well microplate UV/Vis spectrophotometer with 4-zoneTM
incubator made it easier to control temperature between 298-318 K. Nile red, instead of
penta-tert-butyl substituted betaine dye by Dimroth and Reichardt, was used to calculate
ET values due to the acidic nature of the DES. The latter becomes protonated in acidic
medium and losses its absorption band, hence not a suitable probe to study the solutesolvent solvation microsphere between the probe and the carboxylic acid-based DES. Low
basicity (pKa = 1.00 ± 0.05), photochemical stability, and solubility in solvents with
diverse polarity are among the several reasons why Nile red is preferred as solvatochromic
probe in acidic media119. From Fig. 4.1., the spectral scan of DES in Nile red shows a
bathochromic shift of the maximum wavelength (λmax) when the hydrocarbon chain length
is decreased (increase in polarity). The λmax of Nile red does not appear to shift significantly
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between the various DES, most especially between 1:2 and 1:3 molar ratios of the same
HBD. This data supports previous report that the λmax of Nile red changes minimally in the
presence of hydrogen bonding solvents119.

Figure 4.1. Absorption spectra of 0.5 × 10-4 M solution of Nile red dye in DES and
methanol (control) at 298 K. (a) methanol, (b) [Ch]Cl:CA 1:3 (c) [Ch]Cl:BA 1:3, and (d)
[Ch]Cl:VA 1:3.

In all the DES formed, electron transition stays linear between 303 K to 308K after
which a modest shift in λmax was observed between 308 K to 318 K (Fig. 4.2.). This
behavior of the DES shows that the composition of the solvent changes at elevated
temperatures and affect the empirical polarity index. The ET (NR) value of methanol at 298
K was found to be 51.61 kcal.mol-1 similar to a literature value of 52.02 kcal.mol -1, and
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consistent to ET (30) and ET (26)119 values. It can be inferred that increasing the
hydrocarbon chain of the HBD affects the ET (NR) parameter, and hence the polarity of the
formed DES. This property is a good indicator for selecting appropriate HBD for DES
needed for solvent-dependent chemical reactions.

Figure 4.2. Electronic transition (π-π *) of Nile red dye in DES and methanol (control)
from 25-45 ± 0.2 ℃. black ([Ch]Cl:BA 1:2), red ([Ch]Cl:BA 1:3), gray ([Ch]Cl:VA1:2),
(green)[Ch]Cl:VA 1:3, orange (methanol), dark yellow ([Ch]Cl:CA 1:2), and blue
([Ch]Cl:CA 1:3). ET values were computed from average of λmax readings in triplicate from
400-650 nm.
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4.3.2.2. Kamlet-Taft parameters
The Kamlet-Taft parameters π* and β of the DES were determined from DENA and 4NA
molecular probes using equation 3 and 4, respectively. The dipolarity/polarizability
parameter (π*) measures the nonspecific interactions such as dipole-dipole and dipoleinduced dipole interactions, and the polarizability occurring between the solute and the
solvent. From the results, nonspecific interactions serve as an index for DES polarity and
it decreases with increasing the hydrocarbon chain of the HBD. As shown in Table 4.2,
nonspecific interactions in DES at 313 K decrease in the order [Ch]Cl:BA 1:2 (0.9457 ±
0.02) > [Ch]Cl:BA 1:3 (0.9136 ± 0.01) > [Ch]Cl:VA 1:2 (0.8303 ± 0.02) > [Ch]Cl:VA 1:3
(0.78472 ± 0.01) > [Ch]Cl:CA 1:2 (0.4212 ± 0.04) > [Ch]Cl:CA 1:3 (0.3270 ± 0.03),
signifying that slight changes in the HBD moiety affects the KT π* parameter.

Table 4.2. Kamlet-Taft parameters of HDES at 313 K and 318 K.
DES
[Ch]Cl:2BA
[Ch]Cl:3BA
[Ch]Cl:2VA
[Ch]Cl:3VA
[Ch]Cl:2CA
[Ch]Cl:3CA
Methanol

π*
313 K
0.945171
0.913624
0.830303
0.784722
0.421234
0.326979
0.764949

318 K
0.945171
0.907259
0.830303
0.797805
0.457006
0.406926
0.823777

ᵦ
313 K
0.513754
0.525578
0.494869
0.557187
0.852714
0.954602
0.545576

318 K
0.513754
0.499034
0.477484
0.506937
0.846182
0.878448
0.476394

α
313 K
0.583363
0.590558
0.709513
0.736339
1.092353
1.192133
0.786852

318 K
0.591178
0.606767
0.717535
0.734913
1.064491
1.132424
0.746534

ETN
313 K
0.618928
0.611547
0.639588
0.636739
0.681586
0.696764
0.65399

318 K
0.622644
0.617076
0.643404
0.64054
0.680584
0.695743
0.65496

Changing the temperature to 318 K gave a similar trend indicating that HBDs
significantly contribute to the non-specific interactions and polarity of the DES. This
confirms a recent report by Teles et al.162 that π* values decreases by increasing alkyl chain
length between ammonium-based salts and carboxylic acids. The ionic character of
[Ch]Cl:BA 1:2 DES is highest among the prepared HDES partly due to the presence of
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permanent dipoles and delocalized bonds153 giving rise to high π* value. The
dipolarity/polarizability value of methanol (control) at 313 K (0.76495) and 318 K
(0.82378) are closer to [Ch]Cl:VA 1:3 (0.78472) and [Ch]Cl:VA 1:2 (0.83030) DES,
respectively, which means DES may replace methanol in organic reactions and synthesis.
The hydrogen-bonding basicity parameter (β) describes the ability of a solvent to
accept protons or donate electron density to form hydrogen bonds and are mostly affected
by the nature of the anionic part of the HBA162. From the results, as opposed to π* which
decreases by increasing the hydrocarbon chain of the HBD, a reverse pattern is observed
in the β parameter. Apart from [Ch]Cl:BA 1:2 DES which showed no change in β, a modest
decrease was observed in all DES between 313 K to 318 K (Table 4.2). Reports on DESethaline, DES-glyceline, and DES-reline

shows that β and π* do not change with

increasing temperature163. In contrast to earlier reports, π* and β values of ionic liquids
[bmim][PF6] and [bmim][BF4, respectively, were found to decrease with increasing
temperature164. Surprisingly, π* tend to increase marginally from 298 K to 318 K in DES
formed by using BA and VA as HBDs (Fig. S4.1). The reported data was collected within
short temperature range compared to literature data (collected from 25-95 ℃) and may
account for this deviation. The β values of the formed DES show their ability to accept
protons for chemical reactions which is even better than some organic solvents or ionic
liquids.
The Kamlet-Taft hydrogen-bonding acidity (α) describes the ability of the solvent
to donate protons and is calculated from the ET (NR) and π* values. From the results, the
hydrogen-bonding acidity of DES range from 0.58336 to 1.19213 at 313 K. Comparable
to methanol (0.786852), most carboxylic acid-based DES can serve as proton donors in
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chemical reactions. The high acidic nature of the DES may be due to the carboxylic
functional group. Increasing the alkyl chain or the molar ratio of the HBD significantly
affects the α parameter.
To elucidate how α, β, and π* values calculated from our newly synthesized DES
correlate with literature data, we created a ternary plot (popularly known as Snyder’s
Selectivity Triangle) to compare our data with KT parameters for some selected organic
solvents and ionic liquids. From Fig. 4.3., the KT parameters of [Ch]Cl:BA ([Ch]Cl:BA
1:2 and [Ch]Cl:BA 1:3) are within the range of ionic liquids, while [Ch]Cl:VA ([Ch]Cl:VA
1:2 and [Ch]Cl:VA 1:3) are in close range to KT parameters of methanol. Our results were
validated by comparing the experimental KT parameters of methanol (methanol*) with
reported values in literature. From the ternary plot, the two appear in same quadrant and
are close to each other. Depending on the HBD, KT parameters that appear to be more
susceptible to change are hydrogen bonding acidity and dipolarity/polarizability.
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Figure 4.3. Kamlet-Taft parameters of HDES at 298 K compared to selected organic
liquids and ionic liquids. The selected organic solvents and ILs are listed in appendix
(Table S4.2). *experimental control

4.3.3. Density functional theory
4.3.3.1. Bond angle and distance
The electronic and molecular properties of DES were obtained from the optimized
geometry of HBA and HBDs molecules through DFT/B3LYP calculation methods with 631G (d) basis set. DES molar ratios used for the study ranges from 1:1 to 1:3 except for
[Ch]Cl:CA which we omitted the 1:3 molar ratio because of computational time. The
optimized geometries, bond distance, and bond angles of [Ch]Cl:BA 1:2 DES is shown in
Fig. 4.4.
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Bond angles, bond distances, and optimized geometries of [Ch]Cl:BA, [Ch]Cl:VA,
[Ch]Cl:CA, [Ch]Cl:VA 1:2, [Ch]Cl:CA 1:2, [Ch]Cl:BA 1:3, and [Ch]Cl:VA 1:3 are found
in the supplementary data (Fig. S4.2-11). To quantitate the effect of HBDs on the choline
chloride acceptor, we calculated and compared the bond angles of each DES to the
optimized choline chloride acceptor. The bond angle for C15-O16-H17 and N1-C14-C15
in optimized choline chloride is 117.34º and 106.96º, respectively. These angles are more
susceptible to change if molecular interactions occur in the presence of HBD. The C15O16-H17 bond angle can help measure the degree of such molecular interaction. The
[Ch]Cl:BA 1:2, [Ch]Cl:VA 1:2, and [Ch]Cl:CA 1:2 DES showed a reduced bond angle of
115.53º, 116.09 º, and 116.09 º, respectively, for C15-O16-H17 and 104.09º, 105.01º, and
105.02º, respectively, for N1-C14-C15. The lowering of bond angles for both C15-O16H17and N1-C14-C15 in HDES shows molecular interaction between the HBA and the
HBD and might be attributed to a decrease in electronegativity of the central atoms during
DES formation.

Also, we measured the bond distance between the carboxylic proton of the HBD and the
chloride anion of the DES to verify if they can form hydrogen bond. From the results (see
appendix), all the carboxylic protons are within the bond distance of 2.04 ≤ Å ≤ 2.22, which
is capable to form short-strong hydrogen bond responsible for the eutectic nature of the
mixture.
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Figure 4.4. Optimized geometry of [Ch]Cl:BA 1:2 DES by DFT/B3LYP with 6-31G (d)
basis set. carbon (gray), oxygen (red), nitrogen (blue), hydrogen (white), and chloride anion
(light green). Bond distance between N1-Cl22 (3.95 Å), H17-Cl22 (4.64 Å), H26-Cl22
(2.12 Å), and H24-Cl22 (2.17 Å). Bond angle between C14-C15-O16 (104.44 º), C15-O16H17 (104.09 º), C2-N1-C14 (107.99 º), and N1-C14-C15 (115.53 º).
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The optimized DES bond distances and bond angles of the reactants (HBA and HBD)
help to understand the existence and influence of the molecular interactions between the
two in DES formation.

4.3.3.2. Electronic/Molecular properties
In addition to the solvatochromic data, quantum chemical calculations through
DFT/B3LYP were used to determine the electronic and molecular properties of the
carboxylic acid-based DES. The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) were calculated for all optimized HDES
including their corresponding HBA and HBD. These orbitals are important in quantum
chemistry because electrons are most likely to be located there for molecular reactions to
occur. The HOMO defines a region where electrons have highest energy for reaction whiles
the LUMO creates a region for invading electrons from other molecules to fill-in during
bonding. In other terms, the HOMO act as the ability to donate electrons (ionization
potential) into the LUMO which also act as the orbitals ability to obtain electrons (electron
affinity). From the results, the ionization potential of the HBDs do not change significantly
as the alkyl chain length increases. As expected, the ionization potential of the HBD is
greater than the HBA, and the electron affinity of the HBA is greater than the HBDs.
Among the HBDs, those with 1:2 molar ratios have the highest ionization potential and
follows the trend 2BA>2VA>2CA.
The difference in energy between these frontier molecular orbitals (HOMO-LUMO
gap) is critical to study molecular reactivity, global hardness, electronegativity, chemical
potential, and charge transfer occurring within the molecule. The higher the HOMO-
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LUMO gap, the less reactive the molecule because electrons have wider distance to jump,
and the molecule becomes more stable. Among the reactants simulated as given, choline
chloride ([Ch]Cl) has the smallest electronic gap of 0.18477 eV which makes it the most
reactive and least stable compared to the HBDs with electronic gap between 0.26880.28527 eV. Another molecular parameter used to describe liquids and polymers for
chemical reactivity and synthesis is based on the molecular softness or hardness. Soft
molecules are highly reactive with shorter HOMO-LUMO electronic gap whiles hard
molecules have wider HOMO-LUMO gap. The stability of hard molecules is attributed to
their wider electronic gap and do not easily involve themselves in chemical reactions. The
global harness of choline chloride is 0.0924 compared to 0.143 average value for HBDs.
The global hardness of DES increases as the molar ratio of the HBD increases but no
apparent change occurs by increasing the alkyl chain of the HBD. The hardness and
softness property of DES is necessary since most DES is employed in chemical reactions,
organic synthesis, pharmaceuticals, and electrochemical applications. Understanding this
phenomenon is essential to help choose the right solvent for desired industrial and
pharmaceutical purpose.

4.3.3.3. Charge transfer (ΔN)
Deep eutectic solvents are formed through hydrogen bonding between HBA and HBD.
Hydrogen bonding, as any covalent bond involves charge transfer (ΔN) or electron flow
from one unit to the other. On this basis, we speculated that DES forming stronger
hydrogen bonds (high viscous liquids) will have high degree of charge transfer compared
to others. As stated by Sanderson in his electronegativity equalization principle 165-166,
combination of HBA and HBD led to electron flow from the species of lower
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electronegativity to species of higher electronegativity until the adduct (DES)
electronegativity become equalized. The electronegativity of HBA, HBDs, and DES were
calculated from the FMOs using the Mulliken’s formulae 166-167 [ χ = (I + A)/2]. From the
results (Table S4.1.), electrons flow from the HBA (χ = 0.079475) to the HBDs
(0.131845≤χ ≤0.13823). As shown in Table 4.3, the electronegativity values of the HDES
appear to be closer to the geometric mean of the two reactants (HBA and HBD) as stated
by Sanderson’s. The chemical potential (Lagrange multiplier, μ = -χ), a new density
functional parameter by Parr et al 154, 166, were calculated as an index to measure charge
transfer between the HBA and the HBD during DES formation. The electronegativity and
chemical potential of DES remain similar when the same molar ratio of HBD is used
irrespective of the alkyl chain. Electron flow pattern can be observed in Fig. 4.5. where the
HOMO structure of [Ch]Cl:BA 1:2 DES shows electron density localized on the chloride
anion (light green) whiles the LUMO electron cloud is localized on the nitrogen
(blue)/hydrogen (white) of the HBA.

Table 4.3. Electronic properties of carboxylic acid-based DES.
HDES

Mole
ratio

ΔЄ
electronic
gap (eV)

[Ch]Cl:BA
[Ch]Cl:BA
[Ch]Cl:BA
[Ch]Cl:VA
[Ch]Cl:VA
[Ch]Cl:VA
[Ch]Cl:CA
[Ch]Cl:CA

1:1
1:2
1:3
1:1
1:2
1:3
1:1
1:2

0.21848
0.23138
0.24758
0.21846
0.23504
0.24764
0.21984
0.2345

Ionization
potential
(I) = HOMO
0.20929
0.21985
0.23722
0.20937
0.22225
0.2372
0.20855
0.22162

Electron
affinity
(A) = LUMO
-0.00919
-0.01153
-0.01036
-0.00909
-0.01279
-0.01044
-0.01129
-0.01288

Chemical
potential, μ =
(ЄHOMO +Є
LUMO)/2
-0.10005
-0.10416
-0.11343
-0.10014
-0.10473
-0.11338
-0.09863
-0.10437

Electronegativity,
χ =(I+A)/2

0.10005
0.10416
0.11343
0.10014
0.10473
0.11338
0.09863
0.10437
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Figure 4.5. Frontier molecular orbitals of DES. (a) HOMO of [Ch]Cl:2BA and (b) LUMO
of [Ch]Cl:2BA. carbon (gray), oxygen (red), nitrogen (blue), hydrogen (white), and
chloride anion (light green).

Table 4.4. Molecular indices of DES by density functional theory
HDES

Mole
ratio

Dipole
moment
(Debye)

[Ch]Cl:BA
[Ch]Cl:BA
[Ch]Cl:BA
[Ch]Cl:VA
[Ch]Cl:VA
[Ch]Cl:VA
[Ch]Cl:CA
[Ch]Cl:CA

1:1
1:2
1:3
1:1
1:2
1:3
1:1
1:2

10.279
11.6059
10.6744
10.381
11.9701
10.6264
9.3692
11.9343

Charge
transfer, ΔN=
(μBμA)/(ηB+ηA)
0.224412
0.250806
0.239059
0.223714
0.248927
0.237014
0.222832
0.246531

Reaction
energy, ΔE =
-0.5*(ηABηA-ηB)
0.062865
0.059288
0.051498
0.062868
0.058313
0.051533
0.06255
0.058308

Global
hardness,
η = (IA)/2
0.10924
0.11569
0.12379
0.10923
0.11752
0.12382
0.10992
0.11725

Chemical
softness, S
= (1/2η)
4.577078
4.321895
4.039098
4.577497
4.254595
4.03812
4.548763
4.264392
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From Table 4.4, it is not surprising that the [Ch]Cl:BA 1:2 DES has the highest
charge transfer of 0.250806 followed by [Ch]Cl:VA 1:2 (0.248927) and [Ch]Cl:CA 1:2
(0.246531). Abbott et al.35 showed that charge transport in DES controls viscosity by ionic
mobility and this explains why [Ch]Cl:BA 1:2, [Ch]Cl:VA 1:2, and [Ch]Cl:CA 1:2 are
highly viscous among the synthesized DES as shown in Table 4.1. Compared to the
covalent adduct between BF3 and NH3, Ghosh and Bhattacharyya154 used density
functional theory to predict a charge transfer of 0.264178 in the F3B-NH3 adduct. The
reaction energy involved in forming DES (ΔE) is lower compared to conventional covalent
bond as seen in F3B-NH3 (Table 4.4). Apart from charge transfer serving as an index of
solvent polarity, dipole moment (the chief quantitative descriptor of molecular charge
distribution165), of all the raw materials and DES were calculated. Dipole moments between
the hydrogen bond donors shows that, the molecules undergo conformational reorientation
in the presence of the HBA in forming the DES. For example, in 2BA, 2VA, and 2CA, the
dipole moment of these donors was close to zero, however, the dipole moments increase
to approximately 12 Debye in [Ch]Cl:BA 1:2, [Ch]Cl:VA 1:2, and [Ch]Cl:CA 1:2 HDES
(Table 4.4). This data provides the molecular basis why two carboxylic acids are required
to form carboxylic acid-based DES35.

4.4. Conclusions
A modest attempt to study the electronic and molecular properties of carboxylic
acid-based DES by conventional solvatochromic assay and density functional theory was
studied. A bathochromic shift was observed when [Ch]Cl:BA 1:3 DES interacts with solute
(Nile red), signifying polarity of the DES. An increase in the alkyl chain in the HBD
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decreases polarity making the DES an ideal candidate to be classified as hydrophobic. The
Kamlet-Taft parameters of the synthesized HDES were comparable to selected ionic
liquids and organic solvents in literature. We further confirmed our experimental data by
using quantum theoretical calculations through DFT/B3LYP methods with 6-31G (d) basis
set. The global hardness, chemical stability, and chemical reactivity gives more insight on
the electronic properties of the HBA, HBDs, and the DES. The high dipole moment and
charge transfer (an index of polarity) of the simulated DES show a similar trend to the
experimental (solvatochromic) data. The results presented herein also gives more insight
into the molecular basis as to why two carboxylic acids are necessary to form carboxylic
acid-based DES.
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CHAPTER FIVE
CONCLUSIONS

5.1. Summary
Solvents are invaluable media used day-to-day by textile, pharmaceutical, and
chemical industries. Designing green solvents capable of replacing toxic volatile organic
compounds is necessary for health and environmental sustainability. This dissertation
explored how to design a new set of hydrophilic deep eutectic solvents using choline
chloride, choline bromide, and choline iodide as the QAS.
In Chapter 2, we explored that anions interact with hydrogen-bond donors through
hydrogen bonding to depress the melting point of the solvent. Changing the anions of the
QAS affects the physical and chemical characteristics of the DES. In terms of the flow
pattern, the DES formed with choline iodide appears solid at room temperature. The color
of the DES usually depends on the nature of the constituents. Anions affect the intensity of
the molecular vibrations occurring in the solvent. This accounts for the variation of the
dipole moments due to electronegativity changes of the anion. The thermophysical
parameter, density, changes as the anion changes. As expected, the bigger the size of the
anion, the higher the density of the DES. DES synthesized from [Ch]Br has density ≤1.26
g cm-3 whereas DES from [Ch]Cl is ≤1.25 g cm-3. Although traditional gravimetric method
was used to determine the density of the DES, the results are comparable to simulated data
which validates the accuracy of the gravimetric method. Parameters such as refractive
index, polarity, viscosity-temperature relationship, pH, conductivity, and melting showed
that varying anions significantly impacts on the DES. A thermal-stability studies showed
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choline bromide as most stable QAS compared to choline chloride by thermogravimetric
analysis. With the help computational simulations, we found that anions contribute
significantly to the lowering of the DES vapor pressure. The significantly lower vapor
pressure of DES compared to glycols (< 0.01 kPa), make DES a suitable solvent to
implement in the industry, especially for the dehydration of natural gases. Also, the chapter
concludes by showing how anions in QAS alter the thermodynamic activity coefficient at
infinite dilution for both water and methanol.
Due to the increasing publications on hydrophilic DES, Chapter 3 of this
dissertation looked into designing a hydrophobic DES from choline chloride and fatty
acids. In addition to the already physicochemical parameters mentioned, thermodynamic
water activity, chemical shift by NMR, and Kamlet-Taft polarity indices were studied. The
synthesized HDES exhibited low aw depicting the hydrophobicity of the solvent. To
investigate how HDES behave at different molar ratio, in response to hydrogen bonding,
we coupled the FTIR spectra with unsupervised statistical principal component analysis.
The hydrogen bonding pattern of the newly synthesized HDES was compared to already
known DES. The results expand our understating on why hydrogen bonding constitute a
major driving force for DES formation. The synthesized HDES was applied to extract
piperine from black pepper. Herein, we reported extraction yield of about 70% by using
HDES from choline chloride and butyric acid. In general, peppercorns were found to have
higher piperine content than ground black pepper.
In Chapter 4, we investigated the electronic and molecular properties of HDES via
solvatochromic molecular probes and density functional theory. A bathochromic shift
observed in Nile red molecular probe indicates [Ch]Cl:BA 1:2 as the most polar HDES
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among those synthesized. Also, optimization of the HDES molecular geometry indicated a
reduced bond angle between the atoms in choline chloride. These results signify that during
hydrogen bonding, a change in electronegativity of the central atom (O16) in choline
chloride occurs. Thus, a possible molecular reorientation occurs between the donor and the
acceptor molecules during DES formation.

5.2. Challenges, Opportunities, and Perspectives
Despite the numerous advantages of HDES in analytical extraction, some of the
notable limitations of the solvent are high viscosity and difficulty in phase separation
during liquid-liquid extraction 55. Since the viscosity of DES depends on the hydrogen bond
strength of the solvent, understanding the electronic and molecular interaction between
HBD and HBA occurring in HDES is an invaluable opportunity to explore. Also, an
investigation into HDES polarity by using solvatochromic molecular probes to measure
hydrogen-bonding acidity, hydrogen bonding basicity, and dipolarity/polarizability should
be encouraged to curtail phase separation problems. Due to the ever-increasing applications
of HDES, in silico models for predicting extraction efficiencies would be vital for future
applications. For example, a PC-SAFT ‘pseudo-pure’ method was used for the modeling
of CO2 solubilities in HDES168, a potential application in CO2 capture. Developing such
models to predict extraction efficiency and physicochemical and thermodynamic
properties like viscosity, density, activity coefficient, and vapor pressure would cut-down
cost and save time and labor. Also, for the first time, Dietz et al. 169 impregnated
hydrophobic DES (DecA:N8888-Br, DecA:thymol, DecA:menthol, and thymol:lidocaine)
in a polyethylene support enhanced the separation of furfural and hydroxymethylfurfural
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from aqueous solutions. A significant transport of furfural and hydroxymethylfurfural
through the polymeric membrane support was obtained by using HDES supported liquid
membranes made from M3202B and thymol-lidocaine (2:1)169. Opportunities in tunneling
HDES viscosity for enhanced transport and yield would be interested to study169.
Applications of HDES in biomass processing, drug solubilization and delivery, biofuels,
and electrochemistry are underexplored hence an opportunity for researchers to tailor
HDES polarity for these applications. Ternary HDES systems involving water or polar
solvent addition may be worthy of exploring to meet specific challenges. For example, in
electrochemistry, for the first time, Ruggeri et. al 170 demonstrated that addition of small
water to tetrabutylammonium chloride and decanoic acid HDES (1:2) improved the
electrical conductivity and viscosity of the solvent, and subsequently employed the HDES
to extract Cr(VI) species from an aqueous environment.
Although, HDES are considered as green solvents, little has been done to monitor its
toxicity, vapor pressure, and bioavailability. The measurement of octanol-water partition
coefficient of HDES should be encouraged for predicting the environmental fate of the
solvents. Since the hydrophobicity of HDES is relative, a clear distinction between
hydrophilic and hydrophobic DES are sometimes confusing and hence a guideline for
calling DES hydrophobic should be established.
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APPENDIX

Fig. S2.1. Overlay FTIR spectra of [Ch]Cl (blue), [Ch]Br (green), and [Ch]I (red).

Fig. S2.2. FTIR spectra of [Ch]Cl (pink), [Ch]Cl: urea (red), and urea (orange).
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Fig. S2.3. FTIR spectra of [Ch]Cl (orange), [Ch]Cl: malic acid (red), and malic acid
(blue).
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Fig. S2.4. FTIR spectra of [Ch]Cl (blue), [Ch]Cl: malic acid (red), and malic acid
(magenta).
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Fig. S4.1. Dipolarity/Polarizability of HDES from 298 K to 318 K. [Ch]Cl:BA 1:2 (black),
[Ch]Cl:BA 1:3 (blue), [Ch]Cl:VA 1:2 (red), and [Ch]Cl:VA 1:3 (dark cyan).
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Fig. S4.2. Optimized equilibrium geometry structure of [Ch]Cl:BA by density functional
theory (B3LYP). Bond distance between H17-Cl22 (4.81 Å), N1-Cl22 (3.91 Å), and H24Cl22 (2.04 Å). Bond angle between C14-C15-O16 (102.69 º), C15-O16-H17 (107.40 º),
C2-N1-C14 (107.94 º), and N1-C14-C15 (116.54 º).
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A)

B)

Fig. S4.3. Frontier molecular orbitals of [Ch]Cl:BA HDES: A) HOMO and B) LUMO
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Fig. S4.4. Optimized equilibrium geometry structure of [Ch]Cl:VA by density functional
theory (B3LYP). Bond distance between H17-Cl22 (4.80 Å), N1-Cl22 (3.91 Å), and H24Cl22 (2.04 Å). Bond angle between C14-C15-O16 (102.69 º), C15-O16-H17 (107.40 º),
C2-N1-C14 (107.96 º), and N1-C14-C15 (116.53 º).

164

A)

B)

Fig. S4.5. Frontier molecular orbitals of [Ch]Cl:VA HDES: A) HOMO and B) LUMO
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Fig. S4.6. Optimized equilibrium geometry structure of [Ch]Cl:CA by density functional
theory (B3LYP). Bond distance between H17-Cl22 (4.77 Å), N1-Cl22 (3.96 Å), and H24Cl22 (2.05 Å). Bond angle between C14-C15-O16 (102.77 º), C15-O16-H17 (107.33 º),
C2-N1-C14 (108.00 º), and N1-C14-C15 (116.44 º).
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Fig. S4.7. Optimized equilibrium geometry structure of [Ch]Cl:VA 1:2 by density
functional theory (B3LYP). Bond distance between H17-Cl22 (4.53 Å), N1-Cl22 (3.99 Å),
H24-Cl22 (2.15 Å), and H26-Cl22 (2.05 Å). Bond angle between C14-C15-O16 (107.99
º), C15-O16-H17 (105.01 º), C2-N1-C14 (108.72 º), and N1-C14-C15 (116.09 º).
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Fig. S4.8. Optimized equilibrium geometry structure of [Ch]Cl:CA 1:2 by density
functional theory (B3LYP). Bond distance between H17-Cl22 (4.54 Å), N1-Cl22 (4.00 Å),
H24-Cl22 (2.16 Å), and H26-Cl22 (2.05 Å). Bond angle between C14-C15-O16 (108.05
º), C15-O16-H17 (105.02 º), C2-N1-C14 (108.76 º), and N1-C14-C15 (116.09 º).
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Fig. S4.9. Optimized equilibrium geometry structure of [Ch]Cl:BA 1:3 by density
functional theory (B3LYP). Bond distance between H17-Cl22 (4.59 Å), N1-Cl22 (4.08 Å),
H24-Cl22 (2.21 Å), H26-Cl22 (2.05 Å), and H51-Cl22 (2.20 Å). Bond angle between C14C15-O16 (107.96 º), C15-O16-H17 (105.16 º), C2-N1-C14 (108.79 º), and N1-C14-C15
(116.01 º).
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A)

B)

Fig. S4.10. Frontier molecular orbitals of [Ch]Cl:BA 1:3 HDES: A) HOMO and B)
LUMO
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Fig. S4.11. Optimized equilibrium geometry structure of [Ch]Cl:BA 1:3 by density
functional theory (B3LYP). Bond distance between H17-Cl22 (4.58 Å), N1-Cl22 (4.08 Å),
H24-Cl22 (2.20 Å), H26-Cl22 (2.10 Å), and H49-Cl22 (2.20 Å). Bond angle between C14C15-O16 (108.04 º), C15-O16-H17 (105.19 º), C2-N1-C14 (108.83 º), and N1-C14-C15
(115.97 º).
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Table S4.1. Molecular parameters of choline chloride and carboxylic acids.

HBA
and
HBDs

Є
HOMO
(eV)

Є
LUMO
(eV)

ΔЄ
(eV)

[Ch]Cl

0.01291 0.18477
0.079475 0.092385 5.412134 11.5653
0.17186
0.07948

μ

χ

η

S

Dipole
moment
(Debye)

BA

0.01038 0.28517
0.132205 0.142585
0.27479
0.13221

3.50668

1.3672

2BA

0.00365 0.28376
0.28011
0.13823

0.13823

0.14188

3.524105

0.0002

3BA

0.00071
0.26809

0.13369

0.13369

0.1344

3.720238

2.294

VA

0.01054 0.28516
0.27462
0.13204

0.13204

0.14258

3.506803

1.3438

2VA

0.27952

3VA

0.00125
0.26775

0.004

0.2688

0.28352

0.13776

0.13776

0.14176

3.527088

0.0245

0.269

0.13325

0.13325

0.1345

3.717472

2.3368

CA

0.01079 0.28527
0.131845 0.142635 3.505451
0.27448
0.13185

1.3059

2CA

0.00435 0.28296
0.27861
0.13713

0.0606

0.13713

0.14148

3.534068
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Table S4.2. Literature data of ionic liquids and organic solvents used for ternary plot

Solvent
bmim][SbF6]171
[bmim][BF4171
[bmim][PF6171
[bmim][TfO]171
[bmim][N(Tf)2]171
[bm2im][BF4]171
[bmpy][N(Tf)2]171
[bm2im][N(Tf)2171
[EMIm][PF6]171
[EMIm][NTf2]172
[EMIm][ClO4]172
[EMIm][DCA]172
[EMIm][NO3]172
[EMIm][AC]172
[HOEMIm][PF6]172
[HOEMIm][NTf2]172
[HOEMIm][ClO4]172
[HOEMIm][DCA]172
[HOEMIm][NO3]172
[HOEMIm][Cl]172
[HOEMIm][AC]172
[3-MBP][BF4]173
[4-MP][BF4]173
Acetonitrile171
Acetone171
Dichloromethane173
Toluene171
Methanol173
1,1,2,2-Tetrachloroethane174
Nitrobenzene174
1,1,1-Trichloroethane174
Benzene174
Acetophenone174
Toluene 174
1,4-dioxane174
Cyclohexanone174
DMSO174
Ethyl acetate174
Tetrahydrofuran174
Ethanol175

ETN
0.673
0.67
0.669
0.656
0.644
0.576
0.544
0.541
0.676
0.657
0.67
0.648
0.642
0.59
0.957
0.929
0.914
0.784
0.769
0.769
0.633
0.651
0.636
0.46
0.35
0.309
0.1
0.762
0.309
0.324
0.17
0.111
0.306
0.0099
0.164
0.281
0.444
0.228
0.207
-

α
0.639
0.627
0.634
0.625
0.617
0.402
0.427
0.381
0.66
0.76
0.56
0.53
0.48
0.4
1.17
1.17
1.06
0.8
0.77
0.73
0.53
0.56
0.53
0.35
0.202
0.04
-0.213
1.03
0
0
0
0
0.04
0
0
0
0
0
0
0.98

β
0.146
0.376
0.207
0.464
0.243
0.363
0.252
0.239
0.2
0.28
0.41
0.35
0.66
0.95
0.15
0.34
0.16
0.51
0.65
0.68
0.9
0.423
0.533
0.37
0.539
0.578
0.077
0.578
0
0.3
0
0.1
0.49
0.11
0.37
0.53
0.76
0.45
0.55
0.83

π*
1.039
1.047
1.032
1.006
0.984
1.083
0.954
1.01
0.99
0.9
1.11
1.08
1.13
1.09
1.11
1.03
1.13
1.11
1.11
1.16
1.04
1.071
1.066
0.799
0.704
0.733
0.532
0.771
0.95
1.01
0.49
0.59
0.9
0.54
0.55
0.76
1
0.55
0.58
0.51

